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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

𝑒𝑒2
�

1
𝑚𝑚𝑒𝑒

+
1
𝑚𝑚ℎ

�  (1.1) 

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 −

1.8𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑅𝑅
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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

� (1.3) 

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.  
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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).  
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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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2. Comparing Halide Ligands in PbS 
Colloidal Quantum Dots for Field-
Effect Transistors and Solar Cells  
Capping colloidal quantum dots (CQDs) with atomic ligands is a powerful approach to 

tune their properties and improve the charge carrier transport in CQD solids. Efficient 
passivation of the CQD surface, which can be achieved with halide ligands, is crucial for 
application in optoelectronic devices. Heavier halides, i.e. I- and Br-, have been thoroughly 
studied as capping ligands in the last years, but passivation with fluoride ions had not received 
sufficient consideration. In this chapter, effective coating of PbS CQDs with fluoride ligands 
is demonstrated and compared to the results obtained with other halides. The electron 
mobility in field-effect transistors of PbS CQDs treated with different halides shows an 
increase with the size of the atomic ligand (from 3.9×10-4 cm2/Vs for fluoride-treated to 
2.1×10-2 cm2/Vs for iodide-treated), while the hole mobility remains unchanged at around  
10-5 cm2/Vs. This leads to a relatively more pronounced p-type behavior of the fluoride- and 
chloride-treated films compared to the iodide-treated ones. Cl-- and F--capped PbS CQDs 
solids were then implemented as p-type layer in solar cells; these devices showed similar 
performance to those prepared with 1,2-ethanedithiol in the same function. The relatively 
stronger p-type character of the fluoride- and chloride-treated PbS CQD films broadens the 
utility of such materials in optoelectronic devices.  
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2.1 Introduction 

Colloidal quantum dots (CQDs) are solution-processable semiconductor nanocrystals, 
which have been used to fabricate various optoelectronic devices, such as solar cells, 
photodetectors and field effect transistors.[1] As-synthesized CQDs are capped with long-
chain insulating oleic acid ligands to stabilize their colloidal state and passivate their surface. 
Only replacing these bulky native ligands it is possible to enable electronic coupling between 
the individual quantum dots.  

Ideally, the ligand exchange must ensure an efficient passivation of the quantum dot 
surfaces, preserve quantum confinement, in particular when the CQD solid is used as active 
layer for solar cells and photodetectors,[2] and allow for rational adjustment of the electronic 
characteristics (doping levels, carrier mobilities etc.). Towards these goals, capping CQDs 
with inorganic ligands received much attention with the introduction of metal chalcogenide 
complexes.[3] Soon thereafter various small inorganic ligands, such as chalcogenides, halides, 
pseudohalides and halometallate complexes showing chemical versatility and providing 
better processability were introduced for colloidal quantum dot solids.[4–10] 

The research on halide ligands is mainly fueled by their prospects in solar cells. Iodide, 
bromide, chloride have been used intensively as ligands for CQD solids.[7,8,11–14] PbS quantum 
dot films with Br- and I- ligands show n-type transport behaviour and exhibit a high degree 
of surface passivation.[7,11] Furthermore, iodide capping results in exceptionally air-stable n-
type CQD solids, which are widely employed as main light absorber layer in CQD solar 
cells.[15]  

The treatment of PbS CQDs with halides results in a short interdot distance favoring 
good charge transport.[16,17] Fluoride is the smallest ion in the halide series and one of the 
smallest possible ligands, potentially giving the shortest interdot spacing compared to any 
other ligand. Despite the prospects, limited attention has been dedicated to the fluoride-
treated lead chalcogenide CQDs. Previous reports have mainly focused on the stability of the 
films towards oxidation based on the study of their optical properties.[18,19] While, the 
transport properties of fluoride-treated lead chalcogenide CQD films have not been 
investigated up until now. 

In this work, the optical and electronic properties of thin films of PbS CQDs treated with 
the four halide atomic ligands are compared. Not only the fluoride ligand is introduced for 
the fabrication of PbS CQD devices but its performance are also compared with the other 
three halide ligands in a homogeneous set of experiments. The properties of the halide-treated 
films are found to obey a trend-wise dependence on the ligand size. The fluoride-treated 
sample displays the lowest electron mobility, which increases two orders of magnitude 
moving down in the periodic table (F-Cl-Br-I). Interestingly, the hole mobility for all the 
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halides remains roughly the same. Moreover, in the fluoride-treated PbS quantum dot 
transistors we observe a time-dependent decreasing of the electron current, suggesting a high 
sensitivity of this active layer to the traces of contaminants in the glovebox.  

2.2 Results and discussion 

In a few reports, treatment of lead chalcogenide quantum dots with fluoride was 
performed by using tetrabutylammonium fluoride (TBAF).[18,20] Tetrabutylammonium halide 
salts are typically available in high purity, setting them favorable for photovoltaic research. 
Unlike other tetrabutylammonium halides, dried TBAF is reported to decompose at room 
temperature by Hofmann elimination;[21] hence TBAF is only available in hydrated form or 
in a solution of water or tetrahydrofuran.[22] The exposure of CQDs to humidity is known to 
have a significant influence on the material properties,[23–25] making hydrated fluoride source 
rather undesirable. Anhydrous TBAF can be generated in situ from the reaction of 
hexafluorobenzene with tetrabutylammonium cyanide and used for synthetic purposes, but 
the experimental conditions are rather incompatible with the use in the CQD solids.[26] 
Consequently, an anhydrous fluoride compound that can contend tetrabutylammonium halide 
series is required for a good comparison between the different halide-treated CQD films. 
Herein, a tetramethylammonium fluoride is chosen as the source for the fluoride atomic 
passivation due to its simplicity and facile preparation in anhydrous form.[21] Thus, four 
anhydrous tetraalkylammonium halide salts, namely tetramethylammonium fluoride 
(TMAF), tetrabutylammonium chloride (TBACl), tetrabutylammonium bromide (TBABr) 
and tetrabutylammonium iodide (TBAI), were used for the solid-state ligand exchange. The 
ligand exchange and the chemicals used in this work are schematically illustrated in Figure 
2.1A.  

 CQDs with the size between 2.7 and 3.5 nm diameter, as calculated from the first 
excitonic peak energy of the absorbance spectrum, were used for all the experiments.[27] Thin 
films of PbS quantum dots treated with the four halides were prepared by spin-coating with 
subsequent ligand exchange and washing, using the layer-by-layer approach reported 
earlier.[28] Samples for electron microscopy were prepared by drop-casting on carbon-coated 
copper grids, the ligand exchange and washing were performed as for the device fabrication. 
More details on the sample preparation are reported in the Experimental methods section. 

Smaller PbS CQDs, ca. 3 nm in diameter, have a truncated octahedron shape, mostly 
dominated by {111} facets, while larger PbS particles have cuboctahedron shape with {111} 
and {100} facets.[29] The variation in faceting creates a significant difference in chemical 
reactivity and assembly of the CQDs. Larger lead chalcogenide CQDs, of size from 3.8 to 6 
nm typically form square superlattices after halide treatment,[17,30] while, in general, smaller 
CQDs give rise to arrays with a much higher level of disorder. However such “small” 
particles attract keen interest due to their application in CQD solar cells. In this work, a 
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relatively large CQD size (3.5 nm) was chosen in order to show the effect of halide treatment 
on their assembly, while smaller particles were used for device fabrication.  

 

Figure 2.1. (A) Schematic illustration of PbS colloidal quantum dots with native oleic 
acid ligands and, after the ligand exchange, with halide ligands. Fourier-transformed TEM 
images of single CQD domains treated with (B) TBAI and (C) TMAF. The scale bars are 500 
µm-1. 

Figure 2.1 illustrates the difference in the CQDs ordering after the ligand exchange with 
iodide (panel (B)) and fluoride (panel (C)) ligands. The typical square superlattice is observed 
after the iodide treatment of CQDs with cuboctahedron shape, but domains with hexagonal 
packing are also present.[17] Ligand exchange with F results in a predominantly hexagonal 
ordering (Figure 2.1C) with pronounced disorder. A similar behavior, with a different degree 
of disorder is found in bromide- and chloride-treated samples (Figure 2.A1). The distance 
between the single CQDs clearly indicates that the ligand exchange took place also when 
fluoride ligands are used. Moreover, the presence of fluorine in the ligand-exchanged films 
is observed using energy-dispersive X-ray spectroscopy (EDX) as reported in Figure 2.A4. 
However, EDX has low sensitivity to light elements, such as fluorine. Therefore, the 
detection of fluorine in the sample containing a high amount of heavy atoms suggests a 
significant fluorine concentration in the thin film. 

Electron diffraction patterns of the PbS CQDs treated with TBAI and TMAF are shown 
in Figure 2.A2. The lack of some of the reflections in the TBAI-treated sample indicates a 
dominant out-of-plane orientation of the individual CQDs with their {100} facets normal to 
the surface. Moreover, a preferential in-plane orientation with the neighboring CQDs 
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aligning with their {100} facets facing each other is also observed as four dominant peaks in 
the innermost ring. Such organization is not observed in the F--treated sample, in which all 
expected reflections are observable as rings, confirming the qualitatively observed disorder 
of these films. 

The average interdot distance is extracted from the Fourier-transformed TEM images of 
single domains. No clear difference is observed between the fluoride- and iodide-treated 
samples due to the high level of disorder. The average center-to-center interdot spacing in all 
halide-capped samples is 4.5 nm, while the oleate-capped CQDs show a 4.9 nm periodicity. 
The reduction of the interdot distance after the halide treatment is a further confirmation of 
the removal of the long oleate ligands. 

 

Figure 2.2. (A) Absorbance spectra of thin films of 3.5 nm PbS CQDs capped with native 
oleic acid (OA) and with the four halide ligands; the curves are vertically shifted for clarity. 
(B) Normalized PL spectra of the same films reported in (A). 

Figure 2.2 shows the optical properties of thin films treated with the four halide ligands, 
and of an oleate-capped CQD film as reference. The absorbance spectra (Figure 2.2A) show 
a trend in the degree of confinement. In general, the first excitonic peak shifts towards higher 
wavelengths, and becomes broader upon ligand exchange with halides. A clear peak is 
observable only in PbS-I and PbS-Br samples, and not in the PbS-Cl and PbS-F ones. The 
different energies of the peak (OA<I<Br) are attributed to a ligand-dependent loss of quantum 
confinement and overlap of the electronic wavefunctions of individual CQDs in the film. The 
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variation of peak widths (and most likely the lack of excitonic features in the PbS-Cl and 
PbS-F samples) are signs of increased inhomogeneous coupling due to disorder as observed 
also in the TEM micrographs. Figure 2.2B shows the normalized steady-state 
photoluminescence (PL) spectra of the same samples. All halide-treated samples show a red-
shifted emission peak compared to the pristine films, indicating again the increased electronic 
coupling between CQDs. The red shift of the PL spectra increases from iodide- to fluoride-
treated films in the order I<Br<Cl<F, and is in line with the trend observed in the absorption 
spectra. Although we do not observe a trend-wise dependence of the average interdot spacing 
on the ligand size, the trend in the spectral features suggests that the effective confinement 
set by the local interdot spacing and dielectric environment changes.  

The broadening of the PL signal confirms the presence of energetic disorder in the 
halide-treated CQD films, and suggests that the spreading in the absorption peak position is 
responsible for the lack of the excitonic feature of the Cl- and F--treated samples. The PL 
peak position of the fluoride-treated sample is not visible due to the cut-off of the detector at 
~ 1600 nm, for this reason measurements were repeated using PbS CQDs with higher band 
gap (3.0 nm size). In this PbS-F sample, a large variation between the PL spectra taken at 
different spots is observed (examples are shown in Figure 2.A3), confirming the significant 
inhomogeneity of films obtained with the fluoride ligand.  

The ligand exchange process inevitably increases the disorder as the interdot spacing 
decreases. The degree of positional disorder leads to energetic disorder, which is observed to 
vary between different samples. The smaller the ligand, the larger the shrinkage of the 
interdot distance allowing for larger positional disorder. Moreover, the different kinetics of 
the reactions of the PbS surface with the ligands it is co-responsible for the positional 
disorder.16 The inhomogeneity and broad PL peak observed in the fluoride samples, and the 
lack of nanoscale ordering from the electron diffraction patterns are in complete agreement 
with these arguments.  

In some previous reports was shown that quantum confinement is preserved in Cl-, Br- 
and I--capped PbS CQDs films after the solid state ligand exchange.[7] Well-defined excitonic 
peaks were observed in absorption spectra as well as a minor red shift between the samples 
treated with different halides. We believe, the discrepancy with our results is caused by the 
different protocol used for CQD film fabrication, which at parity of concentration could alter 
the reactivity of the ligands. In particular experiments in ref. 6 were performed in ambient 
condition while ours are performed in inert atmosphere inside a nitrogen-filled glove box.10 
Another significant difference to underline is that we use thermal annealing for all the 
samples used for the UV-vis and PL measurements, and for field-effect transistors. This is an 
important step to obtain well performing devices. We have seen earlier that our fabrication 
protocol leads to higher ligand exchange efficiency than reported in other works.16 
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Field-effect transistors (FETs) are powerful tools to study electronic properties of 
semiconducting materials, to understand the degree of coupling between CQDs induced by 
the ligands, and to test their quality. Figure 2.3A shows the schematic structure of the bottom-
gate bottom-contact field-effect transistor used in this work. The details of the structure, the 
fabrication and measurements can be found in the Experimental methods section.  

The transfer characteristics of the FETs are shown in the Figure 2.3B. All transistors 
show ambipolar transport; however, with the dominance of the negatively charged carriers. 
The electron current increases two orders of magnitudes moving down the group in the 
periodic table (F-Cl-Br-I), while the hole current for all the halide-treated CQD transistors is 
approximately the same. The extracted charge carrier mobilities are in line with the observed 
trends for the current in the transfer curves (Figure 2.3C). The electron mobility has a value 
of 2.1×10-2 cm2/Vs for PbS-I, 2.7×10-3 cm2/Vs for PbS-Br and 8.0×10-4 cm2/Vs for PbS-Cl, 
in a good agreement with previously reported values.[12,17] It is important to note that the 
fluoride-based sample, which is reported for the first time, fits in the trend.  

The influence of the halide ligands on the hole current is less pronounce than on the 
electron current, the hole mobility values are within the same order of magnitude for all 
samples (below 10-4 cm2/Vs). The PbS-F device exhibits a fairly balanced transport compared 
to the typical electron-hole asymmetry of the n-type TBAI or p-type NaSH-treated 
samples,[31] with µh = 3.0×10-5 cm2/Vs and µe = 3.9×10-4 cm2/Vs. The variation of the linear 
mobility values of the PbS-F samples is shown in Figure 2.A6, the spread is larger than for 
the other samples but within one order of magnitude. 
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Figure 2.3. (A) Schematic structure of a PbS CQD FET; (B) transfer characteristics for 
the p- and n-channel operation of PbS CQD FETs prepared with different halide ligands 
with the solid lines representing the forward scan and the dashed lines the reverse scans (the 
color indicates the sample as described in the left panel); (C) comparison of the linear 
mobility values extracted from the transfer curves. 

It is important to point out that the trend observed in the electron mobilities is against 
the common assumption that smaller halides should lead to better coupling and therefore 
better transport. The red-shift of the PL emission peaks suggest that the coupling energy 
increases from I to F, while the electron mobility increases from F to I. Instead, the peak 
width shows a similar trend of the electron mobility, suggesting that the electron transport in 
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these films is limited by energetic disorder, or in other words the possibility of carrier 
localization in highly coupled domains, in agreement with previous reports.[32,33] An 
alternative explanation for the trend of the electron mobility could evoke a different 
contribution of the ligands to the density of states of the CQD film or to a shift of the Fermi 
level induced by the ligands.16  

On the other hand, the hole mobility increases from I to Cl, suggesting a coupling-
limited transport. In line with previous observations and reports, the holes are more confined 
to the CQD cores in off-stoichiometric particles due to the lead-dominated surface providing 
a larger wavefunction delocalization for states above the Fermi-level.[31,34] Alternatively a 
shift of the Fermi level could be also a possible explanation for this trend.  

The values of the threshold voltages for PbS-F FETs and the other halide-treated devices 
are dramatically different. For PbS-F the threshold voltages for holes and electrons are 15 
and 62 V, respectively, while in the case of Cl-, Br- and I--treated samples, the threshold are 
approximately equal to 40 V for holes and 50 V for electrons. The higher threshold voltage 
for electrons and holes in PbS-F is an indication of a more pronounced charge carrier trapping 
than in the case of the other samples. 

A diminishing electron current in PbS-F devices was observed during measurements 
(Figure 2.A5). This is typically the sign of a high sensitivity of the CQD solids to traces of 
contaminants in the glovebox (for example O2 or H2O),[35] which may be due to a different 
ability of the halides to protect the inorganic PbS core and the exposure of dangling bonds 
after the F- treatment. In fact, the ligands have to form a compact and robust shell on the CQD 
surface to sterically inhibit the attack of oxygen or water. The iodide shell has been shown to 
protect the PbS CQDs upon air exposure, and PbS-I CQD solid retains the n-type properties 
even in air.[11] In contrast, bromide- and chloride-capped CQDs switch polarity after air 
exposure. The fluoride ligand is the smallest of the halide family and therefore does not 
provide a good steric screening of the lead chalcogenide core to inhibit the attack of oxidative 
species; oxidation of fluoride-treated lead chalcogenide CQD films has been proven earlier 
by spectroscopic studies.[18,19] Another possible explanation of the large instability of the 
fluoride-treated samples is related to the protic attack of MeOH on the CQD surface followed 
by desorption of halide ligands. It has been reported that the kinetic energy of the ligand 
desorption upon the attack of protons changes in the order OA<Cl<Br<I,[11] consistently with 
the Pearson hard-soft acid-base concept. Fluoride is a hard Lewis base and is “harder” than 
chloride, thus making more labile bonding with the rather soft Pb ions. Therefore the 
desorption energy of the fluoride from the PbS CQD surface should be lower than for 
chloride. However, the washing step with a protic solvent (MeOH) can partially remove 
fluoride from the CQD surface and thus leading to an increased susceptibility of the inorganic 
PbS core towards oxidation and the formation of traps, which are especially active towards 
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holes. This is consistent with the behavior of the threshold voltage in the p-type transfer 
characteristics (Figure 2.3B). 

Unfortunately, using acetonitrile as an aprotic solvent was problematic. The issue is that 
acetonitrile is not compatible with anhydrous fluoride salts[36] and therefore cannot be used 
for all four halides. The observations from the experiments might be greatly complicated by 
formation of trans-3-amino-2-butenenitrile from the reaction between fluoride and 
acetonitrile close to the CQD surface.[21] The acetonitrile solution of TMAF turned yellowish 
upon dissolving of the white TMAF powder, which shows that the abovementioned reaction 
between fluoride and acetonitrile is fast and occurs at room temperature.  

For CQD solar cells the lack of p-type materials with high doping has been recently 
identified as a performance limiting factor,[37] and improvements in the device performance 
have been made by doping the p-type layer in the typical quasi-pn junction device 
architecture.[38,39]Air sensitivity has been reported to lead to a more pronounced p-type 
behavior in thiol-capped CQDs,[23] for this reason they became the most employed ligands 
for p-type layer for CQDs solar cells. However, halide salts are much better because of their 
low volatility and toxicity, and, in general, halides give rise to larger environmental stability 
to the CQD layers.15 Here, we investigate the ability of PbS-F and PbS-Cl to serve as a p-
type layer for CQD solar cells, forming fully inorganic PbS CQD devices. Moreover, the 
elimination of environmentally unfriendly and difficult to handle thiol-based ligands is an 
important step in the development of CQD devices.  
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Figure 2.4. (A) J-V characteristics of the PbS CQD solar cells under AM1.5G 
illumination, forward and reverse scan directions are plotted in order to show the sample 
hysteresis. PbS treated with three ligands, namely TMAF, TBACl, and EDT are reported as 
p-type layers. Inset: CQD solar cell structure used in this work. (B) EQE spectra of the same 
devices reported in A. (C) Device performances of PbS CQDs solar cells with different p-
type layers. 

Solar cells based on the widely used quasi-pn junction architecture, where the layer of 
PbS treated with 1,2-ethanedithiol (EDT) of the original structure is replaced by fluoride- or 
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chloride-treated layers, are fabricated.[11,15,40] Figure 2.4A shows the performance of CQD 
solar cells with the different quasi p-type layers under AM1.5G illumination. The devices 
using fluoride or chloride ligands for the p-type layer results in a very high short-circuit 
current density (Jsc) of 28.8 and 27.3 mA/cm2, respectively. The high Jsc can be explained by 
a good energy level alignment and by the ability of the PbS layers treated with small halide 
to block electrons. Notably, our solar cells with only halide-capped CQDs possess higher Jsc 
than devices using the PbS-I/PbS-EDT structure, indicating that PbS-Cl and PbS-F can play 
similar role to PbS-EDT determining the energy band bending. This is in line with the trend 
expected for the energy levels of PbS with these ligands.[20] 

The open-circuit voltage (Voc) of the halides-treated p-type layer is 0.51 V, which is 
lower than the 0.55 V measured for devices obtained with EDT-treated CQDs. The lower Voc 
of the devices fabricated with halide-treated p-type layers could be attributed to a higher 
amount of trap states, which increase the non-radiative recombination, or to the decreased 
band-gap of the CQDs.[41] The values of the fill factor (FF) are 0.50 for the device with PbS-
F, 0.53 for device with PbS-Cl and 0.51 for the PbS-EDT reference. The power conversion 
efficiency (PCE) for all three devices exceeds 7% and does not significantly changes between 
the different types of samples. However, as explain above the partial figure of merit of these 
devices (Voc, FF and Jsc) account for the different physical properties. The table in Figure 
2.4C summarizes the device performances for p-type layers obtained with different ligands. 
The Table S1 includes the average and standard deviation for the fabricated devices. 

Figure 2.4B shows the external quantum efficiency (EQE) spectra of the solar cells with 
different p-type layers. The Jsc values obtained from the integration of the EQE spectra are 
23.7 mA/cm2 for devices using EDT ligands, 22.5 mA/cm2 for devices using Cl and 24.2 
mA/cm2 for the one using F. Obviously, the values of the Jsc calculated from the EQE spectra 
do not perfectly correlate with the Jsc from the J-V measurements. A possible source of 
inconsistency is the low intensity of the light used for the EQE measurements combined with 
the large absorption of the layers, however, even when the EQE spectra are measured with 
light bias the discrepancy in the Jsc remains. The most important discrepancy between the 
EQE spectra of the three types of devices is occurring between 400 and 650 nm. This large 
difference could be determined by the different distribution of the electric field within the 
active layer determined by the variation of the band gap of the different p-type layers and by 
the dissimilar transport properties of the studied films. 

2.3 Conclusions 

In conclusion, we compared the treatment of PbS CQDs with all four halides and studied 
optical and electronic transport properties of the resultant films. For a proper comparison, we 
introduced tetramethylammonium fluoride as a new anhydrous source of fluoride ligands for 
CQDs. We found that the fluoride ligand exchange takes place, and a trend-wise dependence 
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between the degree of quantum confinement on the choice of halide ligand is measured. A 
larger disorder is observed for CQDs treated with F and Cl ligands.  

The field effect electron mobility increases with the ligand size while the hole mobility 
remains approximately the same for all the halide-treated CQDs. The comparison of the 
trends in mobility and the red-shift and broadening of the photoluminescence emission 
spectra suggest that the electron transport is disorder-limited, while the coupling energy is 
one of the factors determining the hole mobility. The different trends lead to, in proportion, 
larger p-type behaviour of the fluoride- and chloride-treated films compared to the iodide-
treated ones. 

Finally, we successfully implemented quantum dot film treated with chloride and 
fluoride as a p-type layer in CQD solar cells. These fully inorganic solar cells showed similar 
power conversion efficiency to devices fabricated with EDT-treated CQDs as a p-type layer. 
The possibility to exclude thiols such as EDT in the fabrication process is very important for 
the possible industrialization of CQD solar cells. 

2.4 Experimental Section 

Materials and reagents 

 All the solvents and reagents were analytically pure and were used without further 
purification. Lead (II) acetate trihydrate (Pb(CH3COO)2×3H2O, ≥99.99%), 
bis(trimethylsilyl)sulfide (TMS2S), 1-octadecene (ODE, 90%), oleic acid (90%), 
tetrabutylammonium chloride (TBACl), bromide (TBABr) and iodide (TBAI) were 
purchased from Sigma Aldrich. Anhydrous tetramethylammonium fluoride (TMAF) was 
purchased from ABCR. PbS colloidal quantum dots were prepared according to the method 
of Hines et al.,[42] with slight modifications. Pb(CH3COO)2×3H2O (1.5 g, 4 mmol), ODE (47  
mL) and oleic acid (2.8-3.2 mL, depending on the desired size of final CQDs) were mixed in 
a three-neck flask. The mixture was degassed under vacuum at 120 °C for 1 hour. After that 
temperature was stabilized at 90-140 °C (depending on the desired size of final CQDs) under 
nitrogen flow. The heating mantle was removed and solution of TMS2S (0.42 mL, 2 mmol) 
in 10 mL ODE (dried) was injected into vigorously stirring lead oleate solution. After 5 min, 
the reaction mixture was cooled down to room temperature. NCs were washed three times 
with toluene/ethanol solvent/non-solvent pair, re-dissolved in hexane and filtered through 0.2 
µm PTFE filter. 

PbS CQD thin film field-effect transistor (FET) fabrication and measurements  

The CQD field-effect transistors were fabricated on top of highly doped Si substrates 
covered with a 230 nm thermally grown SiO2 dielectric. Pre-patterned interdigitated 
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electrodes consist of 10 nm ITO and 30 nm of Au are served as a source and a drain with a 
channel width of 10 mm and length of 20 µm. The substrates were cleaned by sonication in 
acetone and isopropanol and dried in the oven. The CQD films were deposited by a layer-by-
layer approach using a modified method from Shulga et al.[28] Namely, the “scaffold” layer 
was spin-coated at 1000 rpm from 1 mg/mL solution of OA-capped CQDs in hexane. The 
solid-state ligand exchange was performed with a 20 mM solution of tetraalkylammonium 
halide in MeOH and the film was washed twice with pure MeOH. This concentration of 
halide ligand is similar or slightly lower than what could be considered as standard in the 
field.[7,15]    The “filler” layer of CQDs was spin-coated from 5 mg/mL solution. The substrate 
was dried for the 20 s at 120 oC on a hotplate after each CQDs deposition and ligand exchange 
step. The devices were annealed after the fabrication for 20 min at 120 oC. All transistor 
measurements were performed with Agilent E5262A semiconductor parameter analyzer. All 
fabrication and measurement steps were performed in a N2-filled gloveboxes with O2 and 
H2O concentration below 0.1 ppm. The hole and electron mobility values were extracted from 
the transfer (ID-VG) characteristics of the FETs in the linear regime using the gradual channel 
approximation and the parallel plate capacitance of the oxide layer. No obvious Schottky 
barrier was observed between ITO/Au electrodes and CQD film in the output curves, 
suggesting limited effect of the contacts on the linear mobility. 

Absorbance and PL measurements 

Samples for absorbance and PL measurements were fabricated on quartz substrates 
using the above-mentioned procedure. The samples were annealed after the fabrication for 
20 min at 120 oC. Absorption spectra were recorded using a dual-beam Shimadzu UV-3600 
spectrometer. PL spectra were measured by exciting the sample with the second harmonic 
(400 nm) of a Ti:sapphire laser (Coherent, Mira 900, repetition rate 76 MHz). The PL 
emission was spectrally dispersed in a monochromator with a diffraction grating of 30 
lines/mm and recorded by a cooled array detector (Andor, iDus 1.7 μm). The excitation 
density was set using a neutral density filter, and the samples were measured under nitrogen 
to prevent photodegradation during the experiment. All spectra were corrected for the 
response of the setup obtained using a calibrated lamp. 

Electron microscopy 

TEM and electron diffraction data were collected using a JEOL JEM-2010 at 200 keV. 
Samples were prepared by drop-casting a diluted PbS-OA CQDs dispersion in hexane onto 
carbon-coated Cu grids. The ligand exchange was done by immersing the grids in 20 mM 
solutions of the halide ligands in MeOH for 35 s, followed by a washing in pure MeOH. No 
annealing was performed after deposition, as we find out in a previous experiment16 that the 
annealing procedure does not vary the structural organization of the film. Energy-dispersive 
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X-ray spectroscopy (EDX) measurements were obtained with a Nova NanoSEM 650 
scanning electron microscope.  

CQD solar cell fabrication  

Device fabrication. Pre-patterned FTO glass substrates (13 Ω/sq), were cleaned with 
detergent, sonicated in acetone and isopropanol and dried in oven at 120 oC for at least 20 
min. Then the FTO substrates were treated by O3 for 20 minutes. Titanium oxide (TiO2) sol 
was prepared by mixing ethanol, titanium(IV) butoxide and HCl (37%) in the ratio 20:2:1, 
then the sol was spin casted onto FTO substrates and annealed at 450 oC for 30 min. 

PbS CQDs films were deposited in a nitrogen filled glove box. A layer-by-layer spin-
casting method was used for the preparation of the PbS quantum dot films. PbS CQDs with 
the first excitonic peak of 851 nm (in solution), which correspond to the energy band gap 
value of 1.46 eV, were used for solar cells fabrication. Oleate-capped PbS CQDs were spin 
casted from hexane (10 mg/ml) onto the TiO2 films. Ligand exchange was performed by 
subjecting the films to 40 mM TBAI solution, or, 20 mM methanol TBACl solution, or, 20 
mM methanol TMAF solution, or, acetonitrile EDT solution (with concentration of 0.01% 
by volume) for about 35 s. After deposition spin-drying was used to remove the residuals of 
the ligands solutions. The ligand-exchanged films were washed twice with methanol or once 
with acetonitrile for the halide- and EDT-treated films, respectively. The cycle of deposition 
of the oleate-capped PbS CQDs, ligand exchange and washing was repeated 12 times for 
TBAI-treated layer and four times for p-type layers (EDT, TBACl or TMAF). The halide-
treated films of PbS CQDs were annealed at 90 oC for 25 min to remove the residuals of 
methanol and to improve the films quality. 

The devices were finalized by thermal evaporation of 5 nm of MoO3 and 80 nm gold 
under the pressure of 4×10-8 mBar at a rate of 0.1 Å/s for MoO3 and 0.5 - 2 Å/s for gold. The 
device area was defined by the overlap of FTO and Au electrodes, which is 0.16 cm2.  

Current-voltage characterization. CQD solar cells were measured in the nitrogen 
filled glove box under simulated AM1.5 G solar illumination, using a Steuernagel Solar 
constant 1200 metal halide lamp set to 100 mW/cm2 intensity and a Keithley 2400 source-
meter. Light intensity was calibrated using a monocrystalline silicon solar cell (WRVS 
reference cell, Fraunhofer ISE). For efficiency calculations, the illuminated area was 
confined by a shadow mask (0.10 cm2) to avoid any edge effects. The temperature was set to 
295 K and controlled by a nitrogen gas flow through a liquid nitrogen bath.  

The external quantum efficiency (EQE) measurements. The EQE was measured 
under monochromatic light at short circuit conditions. For the source of white light a 250 W 
quartz tungsten halogen lamp (6334NS, Newport) with lamp housing (67009, Newport) was 
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used. Narrow bandpass filters (Thorlabs) with a full width half maximum (FWHM) of 10 ± 
2 nm from 400 nm to 1300 nm and a FWHM of 12 ± 2.4 nm from 1300 nm to 1400 nm were 
used for monochromatic light. The light intensity was determined by calibrated PD300 and 
PD300IR photodiodes (Ophir Optics) for visible and infrared parts of the spectrum, 
respectively. 
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2.6 Appendix 

 

Figure 2.A1 TEM micrographs of the 3.5 nm PbS CQDs treated with TMAF (A), TBACl 
(B), TBABr (C) and TBAI (D). The scale bar is 100 nm. Insets: Fourier-transformed TEM 
images of single domains with 500 µm-1 scale bar. 

 

Figure 2.A2 Electron diffraction of the PbS CQDs treated with TBAI (A) and TMAF (C). 
Radial distribution of the electron diffraction pattern intensity across the diffraction ring for 
the PbS-TBAI sample (B).  

PbS CQDs have a cubic rock salt structure. The electron diffraction pattern of the TBAI-
treated PbS CQDs (Figure S2A) display features that are assigned to the 200 and 220 atomic 
planes, indicating a preferential orientation relative to the substrate. Figure S2B shows a 
profile plot of the intensities around the diffraction circles for the same sample. The angle 
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between the <200> and <220> directions is close to 45o, which is consistent with the rock 
salt structure; the presence of peaks superimposed on a circular pattern suggests in-plane 
disorder with a preferential common orientation of the individual CQDs. Epitaxial necking 
has been shown to cause such alignment.[17] The diffraction pattern measured for the fluoride-
treated sample are shown in Figure S2C; the assignment shows the absence of a preferential 
out-of-plane orientation, and the complete circular patterns shows the lack of in-plane 
supercrystalline order on the atomic scale. 

 

Figure 2.A3. PL spectra of the fluoride-treated PbS CQD film taken at different spots. 
The difference of the peak position indicates the inhomogeneity of the film. The particle size 
in this case was 3.0 nm. 

 

Figure 2.A4. EDX spectrum of the fluoride-treated PbS CQD solid.  
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The peak around 0.68 eV indicates the presence of fluorine in the film. The strong peaks 
from Si and O arise from the quartz substrate. The quantification of the amount of light atoms 
such as fluorine is a challenging task with standard techniques as EDX or XPS. Our samples 
contain lead and sulfur and are processed from solution with many chemical treatments. 
Therefore, the samples also display typically carbon and oxygen as contaminants and  may 
not be giving clean and easy to interpret data in particular when an extremely surface sensitive 
technique as XPS is used. Hence we only report qualitative EDX data. 

 

Figure 2.A5. Transfer characteristics of a representative PbS-F CQD FET showing 
decreasing current after few minutes inside a nitrogen-filled glovebox. 
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Figure 2.A6. Charge carrier mobility values for PbS-F FETs, as extracted from the 
transfer curves. The horizontal black lines represent the mean values. The lower amount of 
data points for the electron mobility is the result of the electron current fading during the 
measurements. 

Table 2.A1 Performance parameters of colloidal quantum dot solar cells. First are 
reported the best values obtained, the average and standard deviation are given in brackets. 

L Jsc (mA/cm2) Voc (V) FF PCE (%) 

TMAF 
28.8 

(28.2 ± 0.7) 

0.51 

(0.51 ± 0.01) 

0.50 

(0.50 ± 0.01) 

7.4 

(7.3 ± 0.1) 

TBACl 
27.3 

(27.1 ± 0.1) 

0.51 

(0.50 ± 0.01) 

0.53 

(0.50 ± 0.01) 

7.3 

(7.0 ± 0.2) 

EDT 
25.6 

(25.4 ± 0.3) 

0.55 

(0.54 ± 0.01) 

0.51 

(0.52 ± 0.01) 

7.2 

(7.1 ± 0.1) 
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3. S-Rich PbS Quantum Dots: A 
Promising p-Type Material for 
Optoelectronic Devices.  
PbS colloidal quantum dots (CQDs) are versatile building blocks for bottom-up 

fabrication of various optoelectronic devices. The transport properties of thin films of this 
class of materials depend on the size of the CQDs, their surface ligands and stoichiometry. 
The most common synthetic methods yield PbS CQDs with an excess of Pb atoms, which 
induces n-type transport properties in CQD films. In this chapter, we developed a new 
synthesis, which offers S-rich PbS CQDs. Thanks to their sufficient colloidal stability in 
nonpolar solvents, we established a protocol for the integration of these CQDs into thin field-
effect transistors and found strong hole-dominated transport with hole mobility of about   
1×10-2 cm2/Vs. Moreover, we were able to enhance the electron mobility for almost two 
orders of magnitude while keeping the hole mobility nearly the same. This approach allows 
us to obtain reliably p-doped PbS CQDs, which can be used for the fabrication of various 
electronic and optoelectronic devices.  

 

 

 

 

 

 

 

 

This chapter is based on the article: 

Bederak, D.; Dirin, D. N.; Sukharevska, N.; Momand, J.; Kovalenko, M. V.; Loi, M. A. 
S-Rich PbS Quantum Dots: A Promising p-Type Material for Optoelectronic Devices. Chem. 
Mater. 2021, 33 (1), 320–326. 



 

- 46 - 

3.1 Introduction 

Colloidal inorganic semiconductor nanocrystals (colloidal quantum dots, CQDs) are 
among the most versatile nanoscale materials owing to their tunable optoelectronic 
properties, easily adaptable surface chemistry and simplicity of their deposition with 
solution-based techniques. The performance of CQDs-based photovoltaic and light-emitting 
devices has been persistently improving in the last years and it competes now closely with 
the one of the other solution-processable materials.[1] Lead chalcogenide CQDs are the most 
commonly used type of CQDs for photovoltaic devices due to their tunable band gap (from 
visible to near-infrared), high dielectric constant, strong light absorption, high perfectness of 
the synthetically accessible quality, good stability and the claimed possibility to overcome 
the Shockley–Queisser limit by using multiple exciton generation.[2] At the moment, the most 
efficient lead chalcogenide CQD solar cells are based on PbS and their record power 
conversion efficiency reached 13.8%.[3]  

There are three common synthetic approaches to high-quality colloidal PbS CQDs in 
literature.[4–6] Despite the large difference in the initial steps of synthetic protocols and some 
dissimilarities in the surface chemistry, all three approaches give rise to PbS CQDs capped 
with lead oleate. Lead oleate ligands render Pb-rich composition to otherwise stoichiometric 
PbS core.[7] It is well-known that the stoichiometry of PbS CQDs has a crucial effect on the 
electronic structure of CQD solids. Thus, an excess of lead atoms on the surface of the CQDs 
results in electron favorable transport properties (n-type transport).[8] In contrast, how to 
achieve a high, reliable and tunable level of p-doping is a long-lived research question, as an 
insufficient p-doping of the p-type layer composing PbS CQD solar cells was identified as 
one of their performance-limiting factors.[9]  

Nowadays, the hole transporting layer of the most efficient PbS CQD solar cells utilizes 
CQDs treated with 1,2-ethanedithiol (EDT) or 3-mercaptopropionic acid (MPA), which can 
donate extra states to the valence band of CQDs. Still, such films exhibit ambipolar transport 
properties with electron-dominated transport when processed air-free.[10,11] An efficient p-
type transport in these solids is only achieved upon their exposure to air.[12–15] However, the 
p-doping by oxygen shows a strong dependence on the humidity of the environment, which 
can cause high irreproducibility between the devices fabricated at different places or at 
different times during the year.[16] Besides the difficulties in controlling the oxygen doping 
of the CQD films, air exposure of CQD film could result in adsorption of water or undesirable 
atmospheric contaminants and impact on trap densities and charge carrier mobilities.[17]  

A few methods were demonstrated to shift the stoichiometry of PbS CQDs and to form 
S-rich p-type CQD solids. These methods include thermal evaporation of elemental sulfur 
onto CQD solids,[18,19] and treatment of CQDs with an organosulfur compound,[20] mostly 
using two-step solution-processable ligand exchange.[17,21] However, all these approaches are 
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based on the post-deposition film sulfurization, which complicates the device fabrication and 
provides limited compatibility with large scale device fabrication. 

Here, we propose a new synthetic strategy for S-rich PbS CQDs by sulfurization of 
oleate-capped Pb-rich CQDs in solution. We developed a ligand exchange protocol for these 
CQDs and characterized the electrical transport properties of the resultant films in field-effect 
transistors. Our ligand exchange method can be used for the fine-tuning of the transport 
properties by affecting mainly the electron transport, while keeping the hole transport almost 
unchanged. These novel S-rich PbS CQDs do not require air exposure for efficient hole 
transport, thus eliminate the need for poorly controllable fabrication steps.  

3.2 Results and Discussion 

For the formation of the S-rich PbS(S) CQDs, sulfurization of the PbS CQDs was 
performed by using elemental sulfur dissolved in oleylamine (S-Olam). This process is 
schematically illustrated in Figure 3.1A. Sulfur dissolved in Olam is known to produce a 
range of ammonium and alkylammonium sulfides and polysulfides.[22–25] Annealing of lead 
oleate capped PbS CQDs in such conditions should lead to the reaction of surface lead oleate 
with sulfide groups and therefore growth of an extra monolayer of PbS and exchange from 
oleate to alkylammonium sulfide ligands. Furthermore, a strong excess of alkylammonium 
sulfides and the elevated temperature of the whole process are expected to initiate the 
ripening of CQDs. 
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Figure 3.1. (A) Schematic illustration of the sulfurization process of oleate-capped PbS 
(PbS-OA) CQDs. (B) TEM image of PbS-OA CQDs (C) TEM image of PbS CQDs after the 
sulfurization (PbS(S)). (D) TEM image of PbS(S) CQDs after the sulfurization for longer 
time using three times higher amount of sulfurization reagents. (E) FTIR spectra of oleate-
capped PbS-OA and PbS(S) CQDs. Inset shows the zoomed double bond region. (F) 
Absorption (solid lines) and photoluminescence spectra (dashed lines) of PbS-OA and PbS(S) 
CQDs. 

Upon sulfurization, the spherical oleate-capped PbS CQDs (Figure 3.1B) grow in size 
and change their shape into cubic. These transformations are revealed from the TEM 
micrographs (Figure 3.1B, C, D). The extent of these transformations depends on the initial 
size of PbS CQDs, the ratio between the CQDs and the S-Olam and the reaction time. For 
example, 5.4 nm PbS CQDs treated with S-Olam for 1 hour almost do not grow although still 
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change shape to cubic (Figure 3.1C). In contrast, 2.9 nm PbS CQDs treated with three times 
larger amount of S-Olam for 3 hours in otherwise the same conditions increase their average 
size to 8.6 nm (Figure 3.1D). Such size-dependent ripening may be related to either or a 
combination of the two following possible reasons: 

(i) faster growth of CQDs along polar (111) axis; smaller PbS CQDs are known to 
have a higher fraction of polar Pb-terminated (111) facets compared to the 
larger CQDs, which have more stoichiometric surface.[26,27]  

(ii) faster ripening of CQDs in higher excess of precursors. Smaller PbS CQDs have 
a higher excess of lead. For small (~3 nm) CQDs Pb:S ratio can be well above 
1.5, whereas for large (>7 nm) CQDs Pb:S ratio is reduced to 1.1-1.26.[26,27] 
Since our method for recapping CQDs with sulfur implies a substantial excess 
of sulfur precursor, this creates a higher concentration of both PbS precursors 
for small CQDs compared to the large ones. Larger amounts of both precursors 
should lead to faster ripening of CQDs. 

 The size distribution of the obtained S-rich PbS(S) CQDs is shown in Figure 3.A1. The 
lattice constant extracted from the high-resolution TEM image of a single S-rich PbS(S) CQD 
is 0.5926 nm (Figure 3.A2), which corresponds to the lattice constant of PbS rock salt crystal 
structure (0.594 nm). The selected area electron diffraction (SAED) pattern of S-rich PbS(S) 
CQDs with native ligands is shown in Figure 3.A3. The majority of the nanocubes, as 
expected, are oriented along the <100> axis, giving rise to intense reflections from (200), 
(220), (400) and (420) planes. From the electron diffraction experiment, the fitted lattice 
constant was found to be 0.5942 nm, which confirms that nanocubes are composed of PbS in 
the typical rock salt crystal structure. 

As mentioned above, sulfurization of PbS CQDs replaces oleate ligands for 
alkylammonium sulfides, as evidenced by the disappearance of carboxylic C=O group 
vibration at 1730 cm-1 in the FTIR (Figure 3.1E). Alkylammonium salts often form micelles 
in nonpolar solvents and weakly bound to the surface of CQDs. These factors significantly 
increase the amount of organics in colloidal solution and complicate washing of 
alkylammonium-passivated CQDs – a well-known problem among researchers working with 
colloidal lead halide perovskite nanocrystals.[5,28] Indeed, dried pellets of PbS(S) CQDs 
washed with conventional antisolvents, e.g., ethanol or acetone, contained more when 50 % 
of organics by weight. Such a high fraction of organics would not allow producing of compact 
films of PbS(S) CQDs, which are necessary for the fabrication of electronic and 
optoelectronic devices. We have found that washing PbS(S) CQDs with the much less polar 
ethyl acetate allows us to bring the inorganic content to about 80%, which is comparable to 
conventional Pb-rich PbS CQDs (Figure 3.A4). Despite the low quantity of free ligands, these 
purified CQDs are still soluble in nonpolar organic solvents, which are typically utilized for 
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CQDs thin film deposition, such as hexane, chloroform, toluene. In contrast, PbS(S) CQDs 
washed with ethanol were soluble only in chloroform and quickly agglomerated in hexane. 

Besides morphological changes, the sulfurization of oleate-capped PbS CQDs has a 
tremendous effect on optical properties. Oleate-capped PbS CQDs display a clear excitonic 
peak in the absorption spectrum and a single band in the emission spectrum (Figure 3.1F). In 
contrast, the peak corresponding to the first excitonic transition is absent in the absorption 
spectrum of S-rich PbS(S) CQDs, while photoluminescence could not be detected at all in 
our conditions. This is an indication of the variation of the density of states due to 
sulfurization, which results in the transformation of the semiconducting oleate-capped PbS 
CQDs into semimetallic nanocubes.[8,21] 

 

Figure 3.2. (A) Transfer characteristics of the pristine PbS CQD FETs prepared with 
native S-rich PbS(S) CQDs (red) and after the treatment with 50 mM PbI2 solution and 
annealing at 120 °C for 1 min (orange) and 20 min (green). (B) Output characteristics of S-
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rich PbS(S) CQDs and after the treatment with 50 mM PbI2 solution annealed at 120 °C for 
and 20 min. 

Field-effect transistors (FETs) were fabricated in order to test the transport properties of 
our novel S-rich PbS(S) CQDs. The output curves of the devices are shown in Figure 3.2A. 
It is important to point out that no extra treatment of the film was performed in this case. 
Therefore, the CQDs are expected to be capped with long insulating ligands. The surprisingly 
high source-drain current in this sample indicates a high charge carrier concentration in the 
active layer. This observation is in agreement with calculations showing that highly 
nonstoichiometric PbS CQDs should result in metallic transport. In this work, 230 nm of 
thermally grown SiO2 was used as a gate dielectric, but highly doped films of PbS CQDs 
require a gate dielectric with much higher gate capacitance to be able to modulate the current 
effectively.[19,21,29]  

An interesting question is whether the off-stoichiometry could be tuned down by 
chemical treatments. The surface of the S-rich PbS(S) CQDs should have a strong affinity to 
Lewis acids. We selected PbI2 because we surmised that it would bind to the surface sulfur 
atoms via Pb as a Z-type ligand, and at the same time, iodide would passivate Pb atoms 
providing an overall good passivation of the CQD surface. Ligand exchange with PbI2/DMF 
solution is accompanied by disappearing in the FTIR spectra of the peaks assigned to the C-
H vibrations (Figure 3.A5). The shape of nanocrystals does not change (Figure 3.A6). Drying 
of the film at 120 °C for 1 min is not sufficient to remove solvent molecules from the film 
due to the relatively high boiling point of DMF (153 °C). Further device annealing for 20 
min at the same temperature results in a lower off-state current and appearing of the electron 
current. The transfer characteristics of the device using S-rich PbS(S) CQDs treated with 50 
mM PbI2 solution are shown in Figure 3.2A. Overall the ambipolar transport has a dominance 
of positive charge carriers with low hysteresis for holes (Figure 3.2B). 

In order to verify whether the enhancement in electron current is caused by PbI2 
complexes,[30] iodide anions, or the solvent itself, we have performed several additional 
experiments. First, ligand exchange with other iodide ligands was performed: pristine films 
of S-rich PbS(S) CQDs were treated with 20 mM tetrabutylammonium iodide (TBAI) 
solution in methanol for 1 min. These films, however, do not show a difference in transport 
from the pristine PbS(S) films washed with pure methanol. This observation is in line with 
the decoration of the surface of the S-rich PbS(S) CQDs with sulfur and not with lead atoms. 

The treatment of PbS(S) films with pure DMF resulted in cracking and delamination of 
the films. However, a part of the films was left between the interdigitated source/drain 
electrodes allowing electrical measurements. Importantly, washing with DMF did not change 
the charge carriers balance and did not result in the formation of a clear “off” state but only 
lowers the current. At the same time, it is important to note that such washing has two side 



 

- 52 - 

effects. First, the CQD film washed with DMF visually looks “dissolved” which may indicate 
that sulfide- or polysulfide-capped PbS(S) CQDs may be partially washed out by such polar 
solvent although they did not form a stable colloidal solution in DMF. Second, potentially 
present polysulfide anions are likely washed away by DMF, which is evidenced by its blueish 
color. The blueish solution obtained by mixing PbS(S) CQDs with DMF was filtered through 
the 0.2 µm PTFE filter and the absorption spectrum was taken. The absorption spectrum 
contains a peak at 615-620 nm, which disappears quickly upon exposure of the solution to 
air (the spectra before and after the air exposure as well as photographs of the vials are shown 
in Figure 3.A7). The peak at around 617 nm is assigned to the trisulfide radical anion (S3

-) in 
basic organic polar solvents.[31,32] Disappearance of this absorption peak after the air exposure 
is due to the rapid oxidation of trisulfide species.[33] 
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Figure 3.3. (A) Dependence of the linear mobility values on the concentration of PbI2 
ligand solution. (B) Quantification of Pb:S atomic ratios by Rutherford backscattering 
spectrometry (RBS). 

As PbI2 can recap PbS(S) CQDs and alter their electron transport, we have studied the 
effect of PbI2 concentration on the carriers mobility in PbS(S) films (Figure 3.3A). At low 
concentration of PbI2, the hole mobility is much larger than the electron mobility. Notably, 
the treatment with low concentration of PbI2 results in severe cracks and partial delamination 
of the film (Figure 3.A8), similar to the effect observed in the case of washing with pure 
DMF. Upon increasing PbI2 concentration, the hole mobility stays around 1×10-2 cm2/Vs, 
while the electron mobility gradually increases. A qualitatively similar but opposite trend 
was observed during the treatment of Pb-rich PbS CQDs with HS- ligands, where electron 
mobility stayed in the same range and the hole mobility was modulated.[21] The value of the 
hole linear mobility in our samples is comparable to the one of Na2Se treated PbSe CQD 
FETs[18] and is an order of magnitude lower than the one of the record HS- treated PbS devices 
which employ ion gel gating with much higher capacitance.[21] Using a highly concentrated 
300 mM PbI2 solution for the ligand exchange results in higher electron mobility than the 
hole mobility. Therefore, we can conclude that the treatment with PbI2 is changing the surface 
composition by introducing Pb atoms.  

EDX analysis was performed to track the change of the stoichiometry after the 
sulfurization of PbS-OA and ligand exchange of S-rich CQDs (Figure 3.A9). Noteworthy, 
the Pb to S ratios were obtained by using a standardless quantification when all the samples 
were measured in exactly the same conditions and processed in the same way (more details 
can be found in Experimental Methods section). The sulfurization of PbS-OA results in a 
significant drop of the Pb to S ratio, which corresponds to the increased sulfur content in S-
rich PbS(S) CQDs. Ligand exchange of these S-rich CQDs with 300 mM PbI2 solution leads 
to a slight increase of the Pb to S ratio, indicating a minor rise in lead content in the sample 
and retention of the S-rich nature of the CQDs. 

The atomic Pb to S ratios were further quantified by Rutherford backscattering 
spectrometry, which is a more precise analytical technique for the elements involved here. 
Figure 3.3B summarizes the results from two separate sets of measurements. In the first set 
(Figure 3.A9), 2.9 nm large oleate-capped PbS CQDs possess Pb:S atomic ratio of 1.41 which 
is in a good agreement with the model values for these size of CQDs.[26] The sulfurization of 
this sample reduces Pb:S atomic ratio in PbS(S)-Olam to 0.94. This sulfurization is 
accompanied by the ripening of CQDs to a cubic shape with edge size 8.6 nm. We note that 
Pb:S ratio is known to be size-dependent for conventional PbS CQDs capped with lead oleate. 
However, in that case Pb:S ratio always stays above 1 (Pb-rich composition), reaching 1.1-
1.26 for ~8 nm large CQDs.[26,27] Our method allows achieving S-rich stoichiometry while 
retaining colloidal stability of CQDs. The second set of the samples for RBS was prepared 
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later in order to check the effect of ligand exchange with PbI2 ligands on the stoichiometry 
of CQDs. In this case (Figure 3.A10), oleate-capped PbS CQDs and in PbS(S)-Olam possess 
atomic ratio of 1.37 and 0.87 respectively, showing the reproducibility of the experiment. 
After the solid-state ligand exchange with concentrated PbI2 solution, the Pb:S atomic ratio 
went to 1.04 without significant change of size and morphology of CQDs (Figure 3.A6) 
which could be assigned to the formation of an incomplete extra Pb layer in agreement with 
the transport properties of FET using as active layer PbI2 exchanged S-rich PbS(S) CQDs.  

3.3 Conclusions 

To conclude, we successfully developed the synthesis of novel S-rich PbS CQDs 
through the sulfurization of oleate-capped PbS CQDs. The sulfurization alters their shape 
from spherical to cubic with preservation of PbS rock salt crystal structure. The size of CQDs 
remains unchanged for medium size particles (~5 nm), whereas smaller CQDs (~3 nm) rip 
and grow notably. We found that the first excitonic peak in absorption disappears and the 
photoluminescence is quenched in S-rich PbS(S) CQDs. These optical properties and 
compositional analysis indicate a change of the stoichiometry to the extent that CQDs reach 
semimetallic-like density of states. The electrical transport properties of these S-rich CQDs 
are hole-dominated and can be well controlled by the solid-state ligands exchange with PbI2 
ligands. The electron mobility can be tuned within almost two orders of magnitude, while the 
hole mobility remains roughly around 1×10-2 cm2/Vs. Most importantly, our ligand-exchange 
protocol only slightly increases the Pb content in the film and therefore does not reduce the 
degree of p-doping. This method can be used for the hole transporting layer of PbS CQD 
solar cells, p-type thermoelectrics, and other devices in which both n- and p-type doping is 
required. 

3.4 Experimental Section 

Materials 

Lead (II) acetate trihydrate (Pb(CH3COO)2×3H2O, ≥99.99%, Aldrich), 
bis(trimethylsilyl)sulfide (TMS2S, Aldrich), 1-octadecene (ODE, 90%, Aldrich), oleic acid 
(OA, 90%, Aldrich), sulfur powder (S, 99.998%, Aldrich), oleylamine (Olam, 95%, 
STREM), ethanol (Fluka), hexane (Aldrich), ethyl acetate (extra dry, 99.9%, Acros), lead (II) 
iodide (PbI2, 99.99%, TCI), N,N-dimethylformamide (DMF, extra dry, 99.8%, Acros) were 
used as received. 

Oleate-capped PbS CQD synthesis 

PbS-OA CQDs were synthesized according to the method of Hines et al.[4] with slight 
modifications as described elsewhere.[34] For obtaining 3.0 nm PbS-OA CQDs, 
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Pb(CH3COO)2×3H2O (1.5 g, 4 mmol), ODE (47.5 mL) and oleic acid (2.5 mL, 7.07 mmol) 
were mixed in a three-neck flask. The mixture was degassed under vacuum at 120 °C for 1 
hour and refilled with nitrogen. The temperature was set to 90 °C. After reaching this 
temperature the heating mantle was removed and solution of TMS2S (0.42 mL, 2 mmol) in 
10 mL ODE (dried) was injected into vigorously stirring lead oleate solution at 85°C. After 
1 minute of CQDs growth, the reaction was quenched by injecting 3 mL of dried OA and 
cooling down the mixture with ice bath. CQDs were washed three times with hexane/ethanol 
solvent/nonsolvent pair (30/144 mL, 30/36 mL and 15/17 mL at first, second and third 
washing cycles respectively), redissolved in anhydrous hexane under N2 atmosphere and 
filtered through 0.2 µm PTFE filter. 

Sulfurization of PbS-OA CQDs 

PbS(S)-Olam CQDs were synthesized by treating PbS-OA CQDs with sulfur solution 
in Olam in nitrogen atmosphere. This solution has been prepared by dissolving 480 mg S in 
15 mL of dried Olam over 3 hours at 60 °C inside the glovebox. 450 mg of PbS-OA in 3.3 
mL hexane were added to this S-Olam solution and the mixture was stirred for 3 hours at 60 
°C. Obtained PbS(S)-Olam CQDs were precipitated by 120 mL of ethyl acetate and 
redissolved in 10 mL of anhydrous hexane. 

PbS CQD thin film field-effect transistor (FET) fabrication and measurements  

The PbS CQD field-effect transistors were fabricated on top of highly doped Si 
substrates covered with a 230 nm thermally grown SiO2 dielectric. Pre-patterned 
interdigitated source and drain ITO/Au (10 nm/30 nm) electrodes formed a channel with 1 
cm in width and 20 µm in length. The substrates were cleaned by sequential sonication in 
acetone and isopropanol and dried in the oven. The CQD film was deposited from 20 mg/mL 
dispersion of S-rich CQDs capped with native ligands by spin-coating from hexane 
dispersion at 1000 rpm. The solid-state ligand exchange was performed by soaking a film 
into a PbI2 solution in DMF for 1 min and washing with DMF. The device fabrication was 
finished by drying the film at 120 °C for 1 min (so called “fresh” devices). The devices 
referred in the text as “annealed ” were annealed on the hotplate for 20 min at 120 °C after 
the fabrication. All transistor measurements were performed with Agilent E5262A 
semiconductor parameter analyzer. All fabrication and measurement steps were performed 
in a N2-filled gloveboxes with O2 and H2O level below 0.1 ppm. The hole and electron 
mobility values were extracted from the transfer (ID-VG) characteristics of the FETs in the 
linear regime using the gradual channel approximation and the parallel plate capacitance of 
the oxide layer. 

Absorbance and PL measurements 
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UV/vis/IR absorption spectra were collected using a Jasco V670 or Shimadzu UV-3600 
spectrometer. PL spectra were recorded using Jasco V670 spectrometer. 

FTIR spectroscopy 

Attenuated total reflectance (ATR) FTIR spectra of PbS and PbS(S) CQDs were 
recorded using Thermo Scientific Nicolet iS5 FTIR spectrometer. The samples after the 
ligand exchange with PbI2 were deposited on double-polished silicon substrates following 
the FET fabrication protocol. FTIR spectra were obtained by using Shimadzu IRTracer-100 
spectrometer. 

Rutherford backscattering spectrometry (RBS) 

The samples for RBS were prepared on silicon wafers using the method described 
earlier. The composition was determined by 2-MeV He RBS at the ETH Laboratory of Ion 
Beam Physics using a silicon PIN diode detector under 168°. The relatively high energy of 
the beam used for the analysis allowed the separation of all the peaks of the relevant elements. 
The data were analyzed with the RUMP software to obtain the stoichiometry.[35]  

Electron microscopy 

TEM, electron diffraction and EDX data were collected using a JEOL JEM-2010 
microscope operated at 200 keV. Samples were prepared by drop-casting a diluted PbS CQD 
dispersion in hexane onto carbon-coated Cu grids. The ligand exchange with S-rich CQDs 
was done by immersing the grid into 300 mM PbI2 solution in DMF for 1 min followed by a 
washing in pure DMF. EDX spectra were measured by using SiLi detector cooled down with 
liquid nitrogen. All the samples were measured in the same conditions such as size of 
condenser aperture, magnification, spot and beam sizes, tilt of the holder and the detector 
measurement rate. From 10 to 15 different spots located in different openings of the grid were 
analyzed for every sample. The spectra were fitted with the Cliff-Lorimer (MTBS) method 
without absorbance by using the NSS software version 3.1 from Thermo Scientific. 
Deconvolution of Pb Mα and S Kα peaks was done automatically by the software. Size 
distribution of S-rich PbS(S) CQDs was obtained from the TEM micrograph by using ImageJ 
software assuming an ideal cubic shape of the nanoparticles. 
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3.6 Appendix 

 

Figure 3.A1. Size distribution of S-rich PbS(S) nanocubes extracted from the TEM 
images. Red circles correspond to the 5.4 nm PbS-OA CQDs treated with S-Olam for 1 hour, 
blue circles correspond to 2.9 nm PbS-OA CQDs treated with 3 times larger amount of S-
Olam for 3 hours. Solid line represents the Gaussian fit of the experimental data. 
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Figure 3.A2. HRTEM image of S-rich PbS(S) CQDs with native ligands showing atomic 
resolution of the particle in the center. Inset: the Fourier-transformed image of a single S-
rich PbS(S) CQD with atomic resolution.   

 

Figure 3.A3. Selected area electron diffraction (SAED) pattern of S-rich PbS(S) CQDs 
with native ligands. The graph represents the intensity of the circles. The circles correspond 
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to the following planes (starting from the center): (200), (220), (400), (420), (333), (440), 
(600) and (620). 

 

Figure 3.A4. Thermogravimetric analysis of the of S-rich PbS(S) CQDs.  

 

Figure 3.A5. FTIR spectra of S-rich PbS(S) CQDs with native ligands (green) and after 
the ligand exchange with 300 mM PbI2 solution (red). 
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Figure 3.A6. TEM image of S-rich PbS(S) CQDs after the treatment with 300 mM PbI2 
solution for 1 min.  

Figure 3.A7. Left plot: absorption spectra of the solution after the addition of S-rich 
PbS(S) CQDs with native ligands into pure DMF before air exposure (blue line) and after it 
(grey). Right: Photographs of the same solutions before and after the air exposure.   
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Figure 3.A8 Delamination of the S-rich PbS(S) CQD films treated with 0.3 mM (left) 
and 1 mM (right) PbI2 solution in DMF. 

 

Figure 3.A9 Standardless quantification of Pb:S atomic ratios by energy-dispersive X-
ray spectroscopy (EDX).  
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Figure 3.A10 Rutherford backscattering spectra of the films of PbS-OA (left) and PbS(S) 
CQDs. Solid red lines in the spectra represent the simulations obtained by using RUMP 
software. 

 

Figure 3.A11 Rutherford backscattering spectra of the films of PbS-OA (left) and PbS(S) 
(center) CQDs as well as PbS(S) CQDs treated with PbI2 (right). Solid red lines in the spectra 
represent the simulations obtained by using RUMP software. An artefact of about 1.63 MeV 
corresponds to the peak from Br which appeared as a result of cross-contamination from 
decomposed samples of lead halide nanocrystals inside the vacuum chamber of the RBS 
machine.  
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4 On the Colloidal Stability of PbS 
Quantum Dots Capped with 
Methylammonium Lead Iodide 
Ligands 
Phase-transfer exchange of pristine organic ligands for inorganic ones is essential for 

the integration of colloidal quantum dots (CQDs) in optoelectronic devices. This method 
results in a colloidal dispersion (ink) which can be directly deposited by various solution-
processable techniques to fabricate conductive films. For PbS CQDs capped with 
methylammonium lead iodide ligands (MAPbI3), the most commonly employed solvent is 
butylamine, which enables only a short-term (hours) colloidal stability and thus brings 
concerns on the possibility to manufacture CQD devices on a large scale in a reproducible 
manner. In this chapter, we studied the stability of alternative inks in two highly polar 
solvents which impart long-term colloidal stability of CQDs: propylene carbonate (PC) and 
2,6-difluoropyridine (DFP). The aging and the loss of the ink's stability were monitored with 
optical, structural and transport measurements. With these solvents, PbS CQDs capped with 
MAPbI3 ligands retain colloidal stability for more than 20 months, both in dilute and 
concentrated dispersions. After 17 months of ink storage, transistors with a maximum linear 
mobility for electrons of 8.5×10-3 cm2/Vs are fabricated; this value is 17% of the one obtained 
with fresh solutions. Our results show that both PC and DFP based PbS CQDs inks offer the 
needed shelf-life to allow for the development of a CQD device technology.  

 

 

 

 

 

This chapter is based on the article: 

Bederak, D.; Sukharevska, N.; Kahmann, S.; Abdu-Aguye, M.; Duim, H.; Dirin, D. N.; 
Kovalenko, M. V.; Portale, G.; Loi, M. A. ACS Appl. Mater. Interfaces 2020, 12 (47), 52959–
52966. 



 

- 66 - 

4.1 Introduction 

Colloidal quantum dots (CQDs) have been a research spotlight over the last few decades 
as versatile building blocks for the fabrication of optoelectronic devices. PbS CQDs are 
among the most studied and promising members of this family of semiconductors due to their 
large exciton Bohr radius and dielectric permittivity, size-tunable bandgap ranging from the 
near-infrared (NIR) to the visible spectral region, high compliance with modification of the 
surface chemistry, and their relatively high stability in ambient conditions.[1] PbS CQDs are 
successfully employed in solar cells,[2] light-emitting diodes,[3] light-emitting transistors,[4,5] 
inverters[6] and photodetectors.[7] For many years, one of the limiting steps in the fabrication 
of CQDs devices has been the exchange of ligands in solid films which required layer-by-
layer processing.[8] In the last twelve years, the so-called phase-transfer ligand exchange 
(PTLE) has been adopted for small inorganic ligands,[9,10] namely chalcogenides and metal 
chalcogenide complexes, pseudohalides, halides and halometallate complexes.[11–17]  

PTLE results in a solution of ligand-exchanged CQDs (so-called inks), which can be 
used for the deposition of conductive CQD films by various deposition techniques, such as 
spin-coating, blade-coating, slot-die coating, dip-coating and spray-coating. Much of the 
research performed in the last years on CQD solar cells employed sub-micron layers of 
iodide-capped PbS CQDs, wherein a solid-state ligand exchange of initial long-chain organic 
ligands with tetrabutylammonium iodide (TBAI) was carried out. Fabrication of such solar 
cells involved the deposition of up to twelve layers, each requiring at least three steps.[18,19] 
Multiple depositions by spin-coating are extremely wasteful since most of the ink is lost. 
Nowadays, the most efficient PbS CQD solar cells are fabricated by depositing a single layer 
of CQDs capped with lead halides or haloplumbate complexes.[2] While the fabrication time 
and costs are considered as the main advantages of the ink deposition compared to the layer-
by-layer approach with solid-state ligand exchange, the ink preparation itself requires a large 
investment of time and materials accounting for up to 50% of the production cost for a device-
ready ink based on PbS CQDs.[20] A severe problem arises given that the shelf time of the the 
most popular inks which employ butylamine as a solvent lies below a few hours. Butylamine 
plays a double role in such inks: it is not only the solvent, but it also re-caps negatively-
charged CQDs as butylammonium cation, which is formed in situ by reaction with the 
methylammonium counterion. Such CQDs are colloidally stabilized by steric repulsion of 
butylammonium chains, which can be easily removed from the deposited film by mild 
annealing, as butylamine has a low boiling point (78 oC). This allows to obtain good quality 
CQDs layers with conventional deposition methods such as spin-coating. For this reason, a 
majority of the latest reports on PbS CQD solar cells use butylamine as a solvent.[21,22] 
However, as a short-chain ligand, butylammonium cannot enable long-term colloidal 
stability of the PbS CQDs.[23,24] A few strategies to improve the colloidal stability of 
butylamine based inks have been recently proposed. These strategies include the addition of 
longer-chain amines to enhance steric repulsion[23] or addition of 3-mercaptopropionic acid 
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(MPA) ligands to the lead halide-capped CQDs.[24] The latter approach, which was reported 
during the preparation of this manuscript, substantially improves the long-term stability of 
the inks resulting in over two months of shelf time. However, no systematic investigation of 
aging of these or other inks has hitherto been reported. Highly-stable ligand-exchanged CQD 
inks will be the next milestone for further industrialization of CQD-based technologies. 

In this work, the stability of PbS CQDs capped with methylammonium lead iodide 
ligands (MAPbI3) was investigated. After ligand exchange, PbS-MAPbI3 CQDs were 
dispersed in either propylene carbonate (PC) or 2,6-difluoropyridine (DFP) forming highly 
stable inks. The long-term evolution of the optical properties of the inks was monitored by 
means of absorption and photoluminescence spectroscopy. The position of the first excitonic 
peak and the optical density were stable for over 80 days. Careful analysis of the emission 
spectra showed the appearance of a low energy emission peak, which becomes dominant 
after a year of storage. This peak indicates aggregation in solution, which is confirmed by 
small-angle X-ray scattering analysis showing the presence of chain-like branched CQD 
aggregates in the inks. Nevertheless, the inks retain their overall colloidal stability and can 
be used to fabricate well-performing devices for more than seventeen months.  

4.2 Results and Discussion 

In this work, two polar solvents, namely propylene carbonate (PC) and 2,6-
difluoropyridine (DFP), were used for the re-dispersion of the ligand-exchanged CQDs. PC 
was chosen due to its high static dielectric constant (ε = 62.9) and its previous use for efficient 
electrostatic stabilization of colloidal inks.[14,25] One of the main drawbacks of PC as a solvent 
is its high boiling point (Tbp = 242 oC), which requires heating to facilitate the drying process 
during the film deposition. DFP also possesses a high dielectric constant (ε = 107.8), but has 
a relatively low boiling point (Tbp = 124 oC), rather unusual for highly polar organic 
solvents.[26] The relationship between the dielectric constant and boiling point of the organic 
solvents used for the ink preparation is illustrated in Figure 4A1. Highly polar solvents like 
formamide and NMF do not form stable colloidal inks due to strong anion desorption, while 
polar solvents with relatively low dielectric constant (like DMF) can even be used as a 
nonsolvent for PbS CQDs capped with lead halide ligands.[14] Overall, the unique 
combination of the abovementioned parameters makes DFP one of the most promising 
solvents for CQD inks. DFP has been recently introduced as a solvent for lead chalcogenide 
CQD inks with (pseudo)halides and metal halide ligands, but halometallate complexes were 
not included in this earlier study.[27] In this work, PbS CQDs capped with the model MAPbI3 
ligands were prepared and dispersed in either PC or DFP at the desired concentration (see 
Experimental Section for more details). MAPbI3 ligands were chosen for this study because 
they provide good passivation of the PbS CQD surface. Furthermore, PbS-MAPbI3 were used 
for fabrication of highly efficient PbS CQD solar cells.[28,29] The schematic route of ligand 
exchange is shown in Figure 4.1A.  
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Figure 4.1. (A) Schematic illustration of CQD ink preparation. (B) Absorption spectra 
(solid lines) of PbS CQDs capped with native oleic acid (OA) ligands in hexane (black) and 
of PbS CQDs capped with MAPbI3 either in PC (red) or in DFP (blue). Photoluminescence 
spectra of these dispersions are shown by dashed lines. (C) SAXS curves for the CQDs native 
solution and the inks in PC and DFP. Green lines are best fit curves. 

Absorption and photoluminescence (PL) spectra of PbS CQDs with native oleic acid 
(OA) and MAPbI3 ligands are shown in Figure 4.1B. The extracted peak positions, values of 
full width at half maximum (FWHM) and Stokes shift are summarized in Table 1. The first 
excitonic peak in the absorption spectrum of oleate-capped PbS CQDs lies at 1.47 eV. It 
slightly red-shifts (<0.07 eV) after the ligand exchange with MAPbI3 and redispersion in 
polar solvents, which is typically assigned to the difference in dielectric permittivity of 
solvents, as well as, to a lowering of the quantum confinement in case of the CQDs capped 
with MAPbI3 ligands. The PL spectra of these dispersions show a similar trend. The emission 
of the ligand-exchanged CQDs is red-shifted by 0.04 eV compared to the emission of the 
PbS-OA dispersion, which is in agreement with literature.[30] The width of the first excitonic 
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peak both in the absorption and PL spectra is preserved, which indicates that the ligand 
exchange does not induce significant changes in the size distribution of CQDs or other 
sources of energetic disorder. The Stokes shift of the inks is slightly smaller than the one of 
the oleate-capped PbS CQDs, while an opposite trend was observed previously.[30] Possible 
reasons for this discrepancy could be the slightly different size of PbS CQDs used before or 
differences in ligand exchange protocols, for example much longer ligand-exchange time 
(12−24 h) and extra waiting time of 1−2 h to settle the CQDs before the centrifugation, which 
were not needed in our case. 

Table 1. Absorption and emission peak positions, FWHM and Stokes shift of the oleate-
capped PbS in hexane and PbS-MAPbI3 in PC and DFP 

Sample Absorption, 
eV 

FWHM of 
absorption, 
eV 

Emission, 
eV 

FWHM of 
emission, 
eV 

Stokes 
shift, 
meV 

PbS-OA in Hex 1.47 0.26 1.25 0.21 224 

PbS-MAPbI3 in PC 1.40 0.28 1.21 0.21 191 

PbS-MAPbI3 in DFP 1.40 0.28 1.20 0.22 197 

 

Time-resolved PL measurements reveal long PL lifetimes for all three samples, which 
indicates good surface passivation of pristine and ligand-exchanged CQDs. The oleate-
capped CQDs show a lifetime of 2.7 µs, while the lifetime of MAPbI3-capped CQDs 
dispersed in PC and DFP is 3.2 and 2.9 µs respectively (the photoluminescence decay is 
shown in Figure 4.A2). We note that the lifetimes are also affected by the high dielectric 
constant of the solvents.[31] 

The size and dispersity of the CQDs in suspension have been characterized using 
solution small-angle X-ray scattering (SAXS). SAXS measurements of the CQDs with native 
oleic acid (OA) show good dispersity of the individual particles (see Figure 4.1C). The 
presence of a clear minimum at q ~ 2.87 nm-1 is indicative of low polydisperse particles with 
an average radius R = 4.49/2.87 = 1.56 nm.[32] A more quantitative analysis by modeling of 
the SAXS intensity using the scattering function for an ensemble of spherical objects was 
performed. In this case, an average radius of 1.65 nm with Gaussian size polydispersity of 
width 0.25 nm was obtained and the used model excellently describes the experimental curve 
(Figure 4.1C). It should be noted that SAXS is only sensitive to the size of the PbS core but 
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not ligand shell, as the electron density of the inorganic part is much higher than that of oleic 
acid. Thus, the calculated value is a direct representation of the CQD radius.  

Interestingly, the SAXS curves of the freshly prepared CQDs inks in PC and DFP show 
a significant alteration with respect to the PbS-OA dispersed in hexane (see Figure 4.1C). 
The SAXS profiles in PC and DFP show a linear trend in the log-log plot for q values < 1.4 
nm-1, indicative of a power law q-α trend, which can be related to aggregation between 
particles.[33] The exponent is ~1.8 for PC and ~2 for DFP. Values of α close to 2 represent 
the fractal dimension Df of the CQDs aggregates and suggests that branched aggregates are 
present in both solvents.[34] Their formation is probably induced by the ligand exchange. 
However, the overall size of these colloidal aggregates falls outside of the probed SAXS 
range. The fact that the intensity minimum position does not shift in q suggests that the 
subunits of these aggregates are the CQDs with unmodified dimensions. 

If we aim to develop a technology with CQD inks, the quality of the surface passivation 
is one of the important parameters because it determines the overall quality of the transport 
properties. At the same time, the stability of the inks is as important, since it determines how 
feasible the industrialization of the CQDs deposition process is. 



 

- 71 - 

 

Figure 4.2. Photographs of the PbS-MAPbI3 inks. (A) As-prepared ink in butylamine of 
150 mg/mL concentration. (B) shows the same solution after a few hours. (C) Cuvette 
containing a freshly prepared PbS-MAPbI3 ink in butylamine with a concentration of 5 
mg/mL. At this concentration the colloidal stability of the ink in butylamine is lost within 30 
min. (D) 26 months-old PbS-MAPbI3 ink in PC of 100 mg/mL concentration in a 4 mL vial. 
(E) PbS-MAPbI3 in PC of 5 mg/mL concentration stored for 20 months in a 20 mL vial.  
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Figure 4.2 (top row) shows pictures of PbS-MAPbI3 dispersions in butylamine, which 
is one of the most favored solvents for making CQD devices.[29,35,36] When fabricated at high 
concentration, PbS-MAPbI3 dispersions in butylamine are typically stable for a few hours 
(See Figure 4.2A). After this time frame, agglomerates become visible by eye. Filtering the 
dispersion and making devices are impossible at this point (Figure 4.2B). This requires that 
a new ink in butylamine has to be prepared each time before the fabrication of a new batch 
of devices and the leftover has to be disposed of. When dispersions in butylamine are diluted, 
for example to 5 mg/ml concentration, swift agglomeration occurs with subsequent 
settlement of the agglomerates at the bottom of a cuvette (Figure 4.2C). This rapid 
degradation of PbS-MAPbI3 inks in butylamine can be tracked by a significant red-shift of 
the photoluminescence peak (Figure 4.A7). A very different case is shown in the bottom row 
of Figure 4.2, where PbS-MAPbI3 inks in PC both at high and low concentrations retain 
colloidal stability after 27 and 20 months, respectively.  

The colloidal stability of PbS-MAPbI3 dispersions in PC and DFP was monitored 
through their absorption and PL spectra. The evolution of the first excitonic peak position in 
absorption and the corresponding optical density are shown in Figure 4.3A. The spectra 
themselves are presented in Figure 4.A4. Both parameters remain constant for 80 days 
indicating the high colloidal stability of the inks and the absence of Ostwald ripening or 
strong coagulation in the samples. The peak position in the emission spectra is also unaffected 
during the same time span (at least 3 months) for both inks (Figure 4.3B). The lower energy 
emission shoulder slightly increases over time, and after prolonged ink storage (12 months) 
the emission peak at 0.95 eV becomes dominant (black curves in Figure 4.3B). The PL 
spectrum of two 18-month-inks in PC (Figure 4.A5) is similar to the one of a year-old ink. 

The change of the PL lifetime during the storage can also give important information on 
the ink quality. Extracted PL lifetimes are shown in Figure 4.A6. The PL lifetime of the inks 
in PC does not deteriorate over time and even after 18 months of storage, it is still close to 
the initial 3 µs. The PL lifetime of the inks in DFP initially drops within the first two months 
and then settles above 2 µs which indicates a slight increase of non-radiative decay processes. 
The large stability of the PL lifetime of the PC sample allows us to speculate on the origin of 
the increasing PL intensity at 0.95 eV. Generally speaking, such an effect could be due to 
emissive trap states,[37] for example on the surface, or to partial aggregation and necking of 
the CQDs,[38] as both phenomena have been discussed in CQD films. However, since the 
lifetime of the main peak remains unaffected, this is a strong evidence of necking and 
merging of CQDs into larger size particles. Energy transfer is responsible for making this 
effect more observable in the PL spectra than in absorption.  
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Figure 4.3. (A) Changes of the first excitonic peak position (blue circles) and optical 
density corresponding to this peak (red squares) during storage for PbS-MAPbI3 CQDs in 
PC (left) and in DFP (right). (B) Normalized photoluminescence spectra of the same inks. In 
the legend d and m indicate days and months, respectively. 

The stability of the inks in PC and DFP is further confirmed by the comparison of the 
SAXS profiles of the fresh and 12 months aged inks (see Figure 4.4). The SAXS data show 
no change of the ink structure within the experimental error for the sample in PC. In the case 
of DFP, a small change in the SAXS curve in the low q-range is detected after 1 year, pointing 
out to a small rearrangement of the CQD aggregates. However, the effect is small. 
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Figure 4.4. Comparison between the SAXS profiles of the fresh and 12 months-old PbS-
MAPbI3 CQD inks in PC (A) and DFP (B). 

In the last sections we collected substantial evidences of the high stability of the inks in 
PC and DFP, with superior behavior of the former, as displayed by the stable 
pholuminescence lifetime. To test the effect of the ink aging on electric transport properties 
of the fabricated films, field-effect transistors (FETs) with fresh and aged inks were 
fabricated. The transfer characteristics for the FETs prepared with fresh and aged inks in PC 
are shown in Figure 4.5. Devices deposited from a fresh ink exhibit electron-dominated 
ambipolar transport, with electron current three orders of magnitude higher than the hole 
current. The extracted linear mobility for electrons is 5.0×10-2 cm2/Vs, while the hole 
mobility was found to be 2.9×10-5 cm2/Vs, which are consistent with the previously published 
report on PbS-MAPbI3 FETs after the MeOH washing.[30] Aging of the inks for 3 and 17 
months, results in a decrease of both electron and hole currents with preservation of electron-
dominated transport. The electron mobility of the devices made with three-months-old inks 
in PC is 9.3×10-3 cm2/Vs, which is approaching the values for iodide-capped PbS FETs 
fabricated by solid-state ligand exchange.[18,39] The output characteristics of these FETs are 
shown in Figure 4.A8. The FETs deposited from a 17 months-old PC ink exhibit an average 
electron mobility of 5.2×10-3 cm2/Vs, but with a relatively broad distribution of values 
(Figure 4.A9). The hysteresis for holes is higher than the one for electrons, which is consistent 
with previous reports on PbS-MAPbI3 transistors.[30] The presence of the hysteresis in the 
CQD FETs is typically assigned to the presence of the charge traps either in the CQD film or 
at the interface between the CQD film and the dielectric layer.[5,40–42] The off-state of the 
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devices is limited by the gate leakage current (Figure 4.A10), which is about 1 nA. The 
slightly lower performance of the aged inks notwithstanding, these results demonstrate that 
it is possible to obtain long shelf time for PbS-MAPbI3 CQDs.  

 

Figure 4.A5. Transfer characteristics of the FETs prepared from the same PbS-MAPbI3 
CQD ink in PC at a different storage time. Red line corresponds to the device fabricated with 
a fresh ink, orange to the 3 months-old ink and green to the 17 months-old ink. It is important 
to notice that devices produce with 17 month-old ink show a larger variability. 

The FETs fabricated with fresh DFP-based inks are similar to the devices made from 
fresh PC inks (Figure 4.A11) showing that the solvent of a colloidal ink does not influence 
the device performance when the processing conditions can be tuned to the boiling point of 
the solvents. Here it is important to underline that the devices where fabricated through blade 
coating, which is not only a scalable technique but one that can be adapted easily to high 
boiling point solvents. The electron current and electron mobility of the DFP-based devices 
are not affected by the ink aging up to 2 months. The extracted electron mobility for both 
fresh and for 2 months-old inks is about 5×10-2 cm2/Vs, which is comparable to the electron 
mobility values of the transistor fabricated with the fresh PC-based ink.  

As the original CQDs used to prepare our inks are identical, the ink stability depends 
only on the properties of the solvent. Both PC and DFP have a high dielectric constant which 
primarily governs the colloidal stability. However, other important parameters for the 
solvents are their ability to solvate anions and cations. The solvation of anions, in other words 
the evaluation of the solvent Lewis acidity, can be represented by a normalized Dimroth–
Reichardt parameter (ET

N).[14] For PC, ET
N = 0.472, while for DFP ET

N = 0.389, which makes 
both of them weak Lewis acids and therefore makes desorption of anionic PbI3

- species highly 
unlikely.[43] Solvation of cations arises from the Lewis basicity of the solvents and correlates 



 

- 76 - 

with the solvent donor number (DN).[14] However, the DN of DPF is not reported in literature 
and the Kamlet–Taft β parameter is instead used for the comparison since it correlates with 
the Gutmann DN values.[44] For DFP only calculated βOH and βNH2 values are available.[45] 
Since βNH2 values for pyridines correlate much better with β values, they were chosen for a 
fair comparison. The β value for PC is 0.40, while for DFP it is 0.31. This means that DFP 
may solvates methylammonium cations slightly less efficiently. Furthermore, the Kamlet–
Taft β parameter mainly accounts for the ability of a solvent to accept a hydrogen bond,[46] 
but it does not consider dipolarity/polarizability and steric hindrance of the solvent 
molecules, both of which play a notable role in solvation.[45] The dipole moment of PC (4.95) 
is higher compared to DFP (3.74-3.82),[45,47] whereas the nucleophilic groups of PC are more 
accessible than in DFP (meaing that PC might only be a slightly stronger base but notably 
stronger nucleophile compared to DFP). Altogether, this allows us to speculate that less 
efficient solvation of cations might be the reason for the slightly lower colloidal stability of 
inks in DFP than in PC. Thus we propose that the stability of the inks in DFP could be further 
improved by adding a small amount of a high DN solvent such as dimethylformamide (DMF) 
or hexamethylphosphoramide (HMPA).[14] 

4.3 Conclusions 

In this work, we compared the colloidal stability of PbS-MAPbI3 inks in PC and DFP 
and studied the effect of aging on their optical properties and electronic transport in FETs. 
We found that the position of the absorption of the first excitonic peak and its optical density 
remain stable in both samples for more than three months. The PL lifetime of the inks in PC 
does not deteriorate for over 18 months of storage and remains above 3 µs, while for the inks 
in DFP the lifetime initially drops from 3 to 2 µs and then stays at this level even for up to 
14 months. For both inks we observed the appearance of a low energy PL peak, which we 
believe is due to a small degree of CQD merging in solution. The presence of chain-like 
branched CQD aggregates in the inks was confirmed by small-angle X-ray scattering 
analysis. Further evidence of the stability of the PC-based inks was obtained with the 
fabrication of well-performing field-effect transistors with 17 months-old inks with an 
average electron mobility of 5.2×10-3 cm2/Vs. Finally, we speculate that less efficient 
solvation of cations is the reason for lower colloidal stability of inks in DFP than in PC. We 
propose that co-solvents with higher Lewis basicity may increase the stability PbS-MAPbI3 
in DFP. 

4.4 Experimental Section 

Synthesis of PbS CQDs and preparation of the inks: 

The synthesis and the purification of oleate-capped PbS CQDs were performed as 
described elsewhere except for the amount of oleic acid (56 mL instead of 70 mL) and 
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injection temperature (80 oC instead of 150 oC).[48] Obtained CQDs have been washed three 
times by precipitation/re-dissolution with ethanol/hexane. Washing cycles have been 
performed in air but the final pellet after the third cycle has been redissolved in anhydrous 
hexane and stored in glovebox. Solution-phase ligand exchange was performed by using a 
modified method.[30] In a typical procedure, 10 mL of NMF solution of 50 mM MAPbI3 
solution was combined with 10 mL of oleate-capped PbS CQDs in hexanes with a 
concentration of 5 mg/mL. The mixture was stirred by using a magnetic stirrer until all the 
CQDs are transferred into the polar phase. Then the top phase is discarded and the bottom 
phase is washed thrice with hexanes. After that, the ligand-exchanged CQDs were 
immediately precipitated by addition of acetone and collected by centrifugation. The 
supernatant was discarded and the pellet was re-dispersed in the chosen solvent at a 
concentration of 50-100 mg/mL. 

Absorbance and PL measurements 

Diluted inks for absorbance and PL measurements were placed into quartz cuvettes 
inside a N2-filled glovebox and sealed with a PTFE cap. The cuvettes were then transferred 
and stored in ambient atmosphere. Absorption spectra were recorded using a dual-beam 
Shimadzu UV-3600 spectrometer.  

PL spectra were measured by exciting the sample with the second harmonic (400 nm) 
of a Ti:sapphire laser (Coherent, Mira 900, repetition rate 76 MHz). The emission was 
spectrally dispersed in a monochromator with a diffraction grating of 30 lines/mm and 
recorded by a cooled array detector (Andor, iDus 1.7 μm). The excitation beam was spatially 
limited by an iris and focused with a lens of 150 mm focal length. The fluence was adjusted 
using gray filters and spectra were taken in reflection geometry to minimize reabsorption 
effects. All spectra were corrected for the response of the setup obtained using a calibrated 
lamp. Time-resolved traces were taken with a Hamamatsu streak camera working in single 
sweep mode. An optical pulse selector was used to vary the repetition rate of the exciting 
pulses. 

SAXS measurements 

SAXS measurements have been performed at the MINA instrument at University of 
Groningen. The instrument is built on a Cu rotating anode providing high flux collimated X-
ray beam of wavelength 0.154 nm. SAXS patterns have been collected using a two 
dimensional Vantec 500 Bruker detector placed 30 cm away from the sample. In order to 
obtain the 1D SAXS profiles, the SAXS images were radially averaged around the beam 
center. The sample-to-detector distance and the beam center position have been calibrated 
using the position of known low angle diffraction peaks from a standard silver behenate 
powder. Samples were contained into 1.5 mm flame-sealed capillaries. The scattering from 
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the solvent was removed by subtraction after proper correction for the sample absorption. All 
the data manipulation steps were performed using a Matlab software. 

The SAXS curves for the CQDs with native oleic acid (OA) were fitted using a standard 
equation for a dilute ensemble of spherical nanoparticles of average radius R with a size 
distribution D(R) 

𝐼𝐼(𝑞𝑞)𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑟𝑟𝑒𝑒 = 𝐼𝐼(0)� 𝑃𝑃(𝑞𝑞, 𝑟𝑟)𝐷𝐷(𝑟𝑟)𝑑𝑑𝑟𝑟 (4.1)
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and the term 𝐼𝐼(0) = cost Δ𝜌𝜌2 (4.3) is a proportionality constant that depends on the 
instrumental settings and the contrast term Δ𝜌𝜌 = 𝜌𝜌𝑠𝑠𝑝𝑝𝑟𝑟𝑡𝑡𝑙𝑙𝑠𝑠𝐵𝐵𝑒𝑒 − 𝜌𝜌𝑠𝑠𝐵𝐵𝐵𝐵𝑠𝑠𝑒𝑒𝑙𝑙𝑡𝑡  (4.4), with 𝜌𝜌𝑙𝑙 being the 
specific electron densities in the studied system. 

For the inks in PC and DFP, we have used a modified version of the Beaucage equation 
with two structural levels, namely the spherical particles subunits with average radius 
𝑅𝑅𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵𝑙𝑙𝑙𝑙𝑡𝑡𝑠𝑠 and the aggregates of average radius 𝑅𝑅𝑔𝑔,𝑝𝑝𝑔𝑔𝑔𝑔𝑟𝑟𝑒𝑒𝑔𝑔𝑝𝑝𝑡𝑡𝑒𝑒  
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and 𝐼𝐼(𝑞𝑞)𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵𝑙𝑙𝑙𝑙𝑡𝑡𝑠𝑠 = 𝐼𝐼(𝑞𝑞)𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑟𝑟𝑒𝑒  (4.7). G and B are constants and P is power law exponent 
related to the fractal dimension of the aggregates.  

PbS CQD thin film field-effect transistor (FET) fabrication and measurements  

The CQD field-effect transistors were fabricated on top of highly doped Si substrates 
covered with a 230 nm thermally grown SiO2 dielectric. Pre-patterned interdigitated 
electrodes consist of 10 nm ITO and 30 nm of Au are served as a source and a drain with a 
channel width of 10 mm and length of 20 µm. The substrates were cleaned by sonication in 
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acetone and isopropanol, dried in the oven and treated with O2-plasma prior the film 
deposition. The CQD inks in PC and DFP was deposited onto the substrates by blade-coating. 
FETs were washed with MeOH for 3 min and annealed for 20 min at 120 oC according to the 
previously published work.[30] All transistor measurements were performed with Agilent 
E5262A semiconductor parameter analyzer. All fabrication and measurement steps were 
performed in a N2-filled gloveboxes with O2 and H2O concentration below 0.1 ppm. The hole 
and electron mobility values were extracted from the transfer (ID-VG) characteristics of the 
FETs in the linear regime using the gradual channel approximation and the parallel plate 
capacitance of the oxide layer.[49] 
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4.6 Appendix 

 

Figure 4.A1. Dependence of the boiling point on the dielectric constant for organic 
solvents used for ink preparation.  

 

Figure 4.A2. Normalized time-resolved PL spectra of oleate-capped PbS CQDs in 
hexane (black) and PbS-MAPbI3 CQDs in PC (red) and DFP (blue).   
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Figure 4.A3. Streak camera images of the emission from the oleate-capped PbS CQDs 
in hexane (A) and PbS-MAPbI3 CQDs in PC (B) and DFP (C). 

 

Figure 4.A4. Absorption spectra PbS-MAPbI3 CQDs in PC (A) and DFP (B) monitored 
from ink preparation till 83 days of the shelf storage. The spectra were collected from exactly 
the same dispersions stored in cuvettes.  
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Figure 4.A5. Normalized photoluminescence spectra of two 18 month-old PbS-MAPbI3 
CQD inks in PC (left) and time-resolved PL spectra of the same inks measured for the high-
energy peak at around 1.2 eV.  

 

Figure 4.A6. Changes of the PL lifetime during the aging of PbS-MAPbI3 inks in PC 
and DFP.  

Samples which are older than a year were stored in form of concentrated inks and diluted 
before the optical measurements while the samples from 0 to 90 days storage time were stored 
in the cuvettes diluted to the PL relevant concentration. None of the samples were filtered 
before the measurements to show the original ink properties.   
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Figure 4.A7. (A) Evolution of the PL emission spectra of PbS-MAPbI3 ink in butylamine. 
The ink used for this experiment was the one from Figure S4C, which was well shaken before 
the measurements. Time 0 represents the time of the first measurement and not the time after 
the ink preparation. The emission peak position at time 0 was already red-shifted compared 
to the typical peak position of the same inks in PC or DFP. Change of the FWHM and peak 
position (B) and integrated PL intensity (C) of PbS-MAPbI3 ink in butylamine over time.     

  

Figure 4.A8. Output characteristics a FET with 3 months-old PbS-MAPbI3 CQD ink in 
PC (left) and comparison of a single output sweep (at VG = 60 V) of FETs fabricated with 3 
and 17 months-old ink in PC. 
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Figure 4.A9. Charge carrier mobility values extracted from the transfer curves of FETs 
fabricated with 17 months-old PbS-MAPbI3 ink in PC. The horizontal lines represent the 
mean values. 

 

Figure 4.A10. Forward sweeps at |VD| = 5 V of transfer characteristics of the FETs 
prepared from the same PbS-MAPbI3 CQD ink in PC at a different storage time. Red line 
corresponds to the device fabricated with a fresh ink, orange to 3 months-old ink and green 
to 17 months-old ink. Dashed lines represent the source-gate current. 
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Figure 4.A11. Transfer characteristics of the FETs prepared from the PbS-MAPbI3 
CQD ink in DFP at a different storage time.  
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5. Heterostructure of PbS Quantum 
Dots and Carbon Nanotubes for High 
Efficiency NIR Light-Emitting Field-
Effect Transistors 
Light-emitting field-effect transistors (LEFETs) are an emerging type of optoelectronic 

devices which combine electrical switching and light emission. Application of lead 
chalcogenide colloidal quantum dots (CQDs) in LEFETs allows to tune the emission of these 
devices continuously in the near-infrared region, reaching spectral regions which are 
impossible to reach with other solution-processable materials. In a recent work, we have 
demonstrated the first fully solid PbS CQD based LEFET showing an electroluminescence 
quantum efficiency of 1.3×10−5 at room temperature and about 1% below 100 K. In this work, 
we present devices of one order of magnitude higher EL quantum efficiency, obtained by 
using as active material a double layer deposited from a PbS CQDs ink and polymer wrapped 
semiconducting carbon nanotubes one. The combination of these two materials results in 
well-balanced ambipolar transport and high charge carrier mobility of about 0.2 cm2/Vs for 
both electrons and holes. Maximum external quantum efficiency of 1.2×10-4 is achieved at 
room temperature.  

 

 

 

 

 

 

 

This chapter is based on the manuscript: 
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Kovalenko, M. V.; Loi, M. A. submitted 



 

- 90 - 

5.1 Introduction 

Colloidal quantum dots (CQDs) are versatile solution-processable nanocrystals which 
have great promise for optoelectronic applications. Among the properties that make them 
unique are the large spectral tunability, the outstanding monodispersity, the solution 
processability and good transport properties in thin films.[1–3] Due to the quantum 
confinement effect and their monodispersity, CQDs give rise to a single narrow peak in 
emission the energetic position of which can be simply adjusted by tuning the size of the 
particles.[4] Interestingly, the emission of CQDs can easily be extended to the near-infrared 
region (750 – 2500 nm) by using, for example, metal chalcogenides such as PbS.[5] Near-
infrared light has many important applications such as for navigation, night vision, and 
telecommunication.[6] However, it is rather problematic to achieve good quantum efficiencies 
in this spectral region, as the choice of inorganic semiconductors is limited (it is not possible 
to cover continuously this spectral range) and for other classes of materials such as organic 
semiconductors the NIR region has demonstrated to be rather difficult to cover.[7] 

Therefore, NIR light-emitting devices are one of the possibly important niches of 
applications for CQDs. Typically, electroluminescent devices use the light-emitting diode 
(LED) configuration and the performance of them is persistently improving.[8] However, 
when considering scaling down enormously the pixel dimension another device geometry 
may be more beneficial. Namely the – light-emitting field-effect transistor (LEFET), which 
offers also the possibility to have direct switching of the light source.[6]   

The first (real) LEFET based on CQDs (CQD LEFET) was based on PbS.[9] This device 
employed a film of PbS CQDs capped with 3-mercaptopropionic acid (MPA) and was gated 
with ion gel. The maximum external quantum efficiency (EQE) was reported to be 2×10-5, 
which was comparable with the one of LEDs fabricated with the same material at the time of 
publication. The next in time notable example is the ambipolar CQD LEFET based on PbS 
CQDs capped with tetrabutylammonium iodide (TBAI) which used a solid gate dielectric.[10] 
Iodide ligands provide much better passivation of the CQD surface than MPA leading to an 
improvement of the electroluminescence EQE up to 1.3×10-5 at room temperature and of 1% 
below 100K. Importantly, these results were obtained using a device structure with a solid-
state gate dielectric having a lower capacitance than the ion gel used in the above mentioned 
pioneering work (vide infra). 

However, two common issues limit device performances in both the abovementioned 
PbS CQD LEFETs: i) the layer-by-layer approach used for the CQD film deposition and ii) 
the unbalanced ambipolar charge transport of the active layer. 

Layer-by-layer deposition has been widely employed method for the formation of 
conductive CQD films by replacing the long insulating native ligands with shorted ones using 
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a solid-state reaction.[11] Besides being a time-intensive and a wasteful process, this method 
leads to defects in the film and formation of trap states at the CQD surface, which deteriorate 
both the light-emission properties and the charge transport in the active layer.[12] Recently, a 
new method has been developed to substitute the long insulative native ligands, the so-called 
phase-transfer ligand exchange (PTLE), which allows to make a solution (an ink) of CQDs 
with short ligands.[13,14] This ink can then be used for a single-step deposition of conductive 
CQD films by various techniques and thus is much more attractive for the development of 
CQD-based technologies.[15,16] 

The second problem is much more fundamental. Majority of PbS CQDs synthetic 
methods result in non-stoichiometric, Pb-rich particles,[17–19] which give rise to n-type 
behavior of the films.[20] It has been demonstrated that tuning the size of the CQDs and 
changing the nature of the capping ligands can adjust the degree of the n-doping to a certain 
degree,[21] but obtaining PbS CQD films with highly balanced ambipolar transport from an 
ink is still an open challenge.  

Here we demonstrated the first PbS CQD LEFET fabricated from colloidally ligand-
exchanged inks, consisting of PbS CQDs capped with the widely-used methylammonium 
lead iodide ligands. We utilized a bilayer structure where on top of the n-type CQD film we 
deposited a network of polymer wrapped single-walled semiconducting carbon nanotubes 
(CNTs). The heterostructure shows a well-balanced ambipolar transport and almost identical 
hole and electron linear mobilities (0.2 cm2/Vs). The EQE of the resulting device was found 
to be 1.2×10-4, which is almost an order of magnitude higher compared to the previously 
reported PbS CQD LEFETs. 

5.2 Results and discussion 

The CQD LEFETs were fabricated onto borosilicate glass substrates where gold 
source/drain electrodes were lithographically defined and the gate dielectric (PMMA/Al2O3) 
and electrode were deposited on top of the active layer, defining a bottom contact/top gate 
FET configuration (see schematic in Figure 5.1A). The CQD film, composing the active layer 
was deposited by spin-coating of an ink of methylammonium lead iodide (MAPbI3) capped 
PbS CQDs in 2,6-difluoropyridine (DFP). This is to the best of our knowledge, the first 
example of CQD LEFETs fabricated using a CQD ink, namely without using the layer-by-
layer coating method. DFP is chosen as a solvent because it allows the high colloidal stability 
of the PbS-MAPbI3 CQDs ink.[22] As mentioned, the gate dielectric is deposited onto the 
CQD film and consists of 10 nm of poly(methyl methacrylate) (PMMA) deposited by spin 
coating and 80 nm of Al2O3, grown by atomic layer deposition (ALD). The PMMA interlayer 
is necessary to prevent chemical degradation of the CQDs when exposed to the highly 
reactive trimethylaluminum during the ALD of Al2O3.

[10] Also, the thin PMMA layer serves 
as an adhesion layer between the CNTs network and the oxide layer and ensures low density 
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of trap states at the semiconductor-dielectric interface.[23] Finally, the device is finished by 
evaporation of the gate electrode through a shadow mask. The fabrication of CQD-CNTs 
LEFETs differed only in deposition of a CNTs network onto the CQD film by blade-coating. 
The CNTs ink consist of poly(3-dodecylthiophene-2,5-diyl)-wrapped (P3DDT) 
semiconducting CNTs, prepared by using our previously published method.[24] P3DDT-
wrapped semiconducting CNTs exhibit strong p-type electronic transport properties.[25,26] 
More details on CQD ink preparation and device fabrication can be found in the Experimental 
Section.   

 

Figure 5.1. Schematic structure of CQD LEFET (A) and resulting output characteristics 
(B). (C) transfer characteristics of CQD LEFETs, the sweeps are measured at drain voltage 
equal to 2 V (red) and 5 V (blue). Schematic structure of CQD-CNTs LEFET (D) and 
resulting output characteristics (E). (F) the transfer characteristics of CQD-CNTs LEFETs, 
the sweeps are measured at drain voltage equal to 2 V (red) and 5 V (blue). 
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The output characteristics of LEFET fabricated using PbS-MAPbI3 active layer reveal 
ambipolar transport with the dominance of negative charge carriers (Figure 5.1C). The 
transfer curves (Figure 5.1E) show more clearly the strongly electron-dominated ambipolar 
transport, with linear electron mobility of about 5.2×10-3 cm2/Vs and hole mobility of about 
1.9×10-5 cm2/Vs, which are in a good agreement with literature reports.[22,27] The fabrication 
of LEFETs with an active layer with such imbalance electron and hole mobilities will hamper 
the possibility to achieve high electroluminescence quantum efficiency. It has been 
demonstrated in the case of organic semiconductors that more balanced mobilities and 
therefore better LEFETs could be achieved when blending hole and electron transport 
materials[28,29] or when a heterostructure of the two is fabricated.[30] 

We therefore adopted a similar strategy by fabricating a heterostructure using the 
electron transporting PbS-MAPbI3 and the hole transporting polymer-wrapped CNTs. 

The schematic structure of the CQD-CNTs LEFETs is shown in Figure 5.1B. A network 
of polymer-wrapped semiconducting nanotubes is deposited on top of the CQD layer and 
before the gate dielectric. It is interesting to note that this is possible due to the orthogonality 
of the solvents employed for the deposition of the two semiconductors. 

When the gate voltage is applied, the conductive channel is created in the close 
proximity of the gate dielectric, as the CNT layer has a thickness of few nanometers, the 
channel is formed at the interface between the two materials, involving both of them in the 
transport (vide infra).[31] This results in almost ideally balanced ambipolar output 
characteristics (Figure 5.1D), where the saturation current of the hole channel becomes 
almost equal to the one of the electron one for the same absolute value of the gate voltage. 
This is important because the working principle of LEFETs is based on the creation of an 
ambipolar regime, when one electrode injects holes and the other electrode injects electrons 
into the channel.[6] Recombination of electrons and holes with subsequent light emission 
occurs at the meeting point of two subchannels (recombination zone). Even taking into 
account the unavoidable diffusion, the recombination zone of LEFETs is typically much 
narrower than the width of the transistor channel. The position of the recombination zone in 
the channel can be moved by tuning the applied drain and gate voltages. This not only 
confirms the “truly ambipolar” nature of a device with coexisting electron and hole channels, 
but also is important for the light-emission efficiency.[32] Positioning the recombination zone 
further from the electrodes helps to suppress electrode-induced exciton recombination as well 
as carrier extraction at the electrodes.[32,33]  

Figure 5.1F shows the transfer characteristics of the CQD-CNT LEFETs representing a 
typical V-shape transfer curve for ambipolar transistors and confirming the well-balanced 
transport of the device. The inclusion of the CNTs not only resulted in more balanced 
characteristics but also in higher drain current and higher off-state current. Furthermore, the 
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position of the off state in the CQD-CNT LEFETs is almost constant for forward and reverse 
scanning directions, which is not the case for CQD devices that are affected by large 
hysteresis. Noteworthy, the hysteresis in the CQD-CNT device is much less pronounced, 
especially for holes. Such a small hysteresis for holes is atypical for PbS CQD films, which 
usually display pronounced hole trapping. This is a further indication that the hole transport 
in our heterostructure is occurring through the CNT network. The extracted values of the 
linear mobility for holes and electrons are about 0.2 cm2/Vs, which is 4 and 2 orders of 
magnitude higher than what obtained for PbS CQD only LEFET, respectively.  

 

Figure 5.2. (A) Absorption and photoluminescence spectra of oleate-capped PbS CQDs 
in hexane (red solid and dashed lines), absorption and photoluminescence spectra PbS CQDs 
capped with MAPbI3 in DFP (blue solid and dashed lines) (B) Absorption and 
photoluminescence spectra of CQD-CNT heterostructure (black solid and dashed lines) as 
well as electroluminescence spectrum of CQD-CNT LEFETs (orange). 

When considering electroluminescent devices, the optical properties of the emitting 
material need special attention. The summary of the optical properties of the employed PbS 
CQDs is shown in Figure 5.2A. Dispersion of PbS CQDs capped with native OA ligands in 
hexane has the first excitonic peak position at 1.47 eV. Upon ligand-exchange with MAPbI3 
and redispersion in DFP, the peak position in the absorption spectrum shifts to 1.4 eV, which 
is typically explained by the difference in dielectric permittivity of the solvents (1.9 for 
hexane and 107.8 for DFP) and lowering of the quantum confinement of the CQDs after the 
ligand exchange. The same trend is observed with the emission spectra.  
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The emission spectra CQD-CNT heterostructure shows a single peak originating from 
the CQD layer (Figure 5.2B), while the emission of the CNTs is not detectable (see Figure 
5.A1; the emission spectrum of CNTs has a series of distinct sharp peaks due to the presence 
of CNTs with different chirality and thus different bandgap). This is due to the very small 
amount of CNTs present in the approximately 3-6 nm layer and their limited quantum yield, 
which is much lower than the one of the CQD layer.  

The CQD-CNT film exhibits the maximum of photoluminescence at 0.83 eV (Figure 
5.2B). The origin of such pronounced red-shift of the emission in films compared to the one 
from the ink is attributed to the appearance of trap state or to the further loss of quantum 
confinement of CQDs at the elevated temperature of the deposition process.[34] The 
absorption spectrum of CQD-CNT film is shown in Figure 5.2B. The spectrum shows a large 
broadening in the low energy region, most probably attributable to the weakening of the 
quantum confinement.[10,34] 

The CQD film is subjected to elevated temperature (70 °C) during the blade-coating 
deposition of the CNTs, the ALD dielectric growth (t = 100 °C) and the post-annealing of 
the device, which is performed at 140 °C. The feature at 0.75 eV in the emission spectrum is 
an artefact originated by the drop of the sensitivity of the detectors for low energy photons. 
It is useful to note that PbS-MAPbI3 ink in DFP and the corresponding CQD film show almost 
identical full width at half-maximum of the emission peaks (0.22 eV). 

The EL emission maximum for the CQD-CNT LEFET is at 0.86 eV (Figure 5.2B). The 
small discrepancy between the peak positions of the electro- and photoluminescence can be 
explained by the very different excitation mechanism. In the case of the PL, a laser beam of 
400 nm is exciting the sample through the band gap. Photoexcitation leads to recombination 
of charge carrier in the excited material, as due to the band-gap of the systems composing the 
heterostructure we can state that energy transfer is minimized. In the case of the EL, carriers 
are injected in the active layer, forming at appropriate bias a simultaneous accumulation of 
holes and electrons at the interface with the gate dielectric. At this point thanks also to 
diffusion, they may recombine. Therefore, the peak position can be shifted between the two 
spectra on the order of tens meV. In this case, the electroluminescence is shifted 0.03 eV 
towards the blue, which was previously ascribed to the state filling of the transport levels at 
higher carried densities.[10]  
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Figure 5.3. (A) Drain current of the CQD-CNT LEFET versus the gate voltage (B) EQE 
of electroluminescence of the same device as a function of the applied electrode potentials.   

The dependence of the drain current versus the gate voltage is shown in Figure 5.3A. 
The so-called off-state of the device was found to be at about -2V. For the light-emission 
measurements, the LEFET was placed right onto the calibrated photodiode inside a dark 
measurement chamber and was electrically connected by using the probes to the 
semiconducting analyzer, therefore we can say that the EQE is most probably 
underestimated. The maximum light emission in the devices was measured by applying a 
positive drain voltage and negative gate bias (Figure 5.3B). The absolute value of the EQE 
is increasing with the applied drain voltage, which was previously attributed to the filing of 
the trap states in the channel.[10] The maximum value of the EQE was found to be 1.2×10-4 
which is almost an order of magnitude higher compared to the previous record in NIR-
emitting CQD-based LEFETs. This improvement of the EL EQE has as first important reason 
the balanced ambipolar charge transport obtained coupling the n-type CQD layer with a p-
type polymer-wrapped semiconducting CNTs layer, but also to the better passivating of the 
CQD after phase-transfer ligand exchange compared to the layer-by-layer deposition. These 
results show that better efficiencies can be obtained in CQDs LEFETs working both on the 
quality of the materials but also optimizing the device structure. 
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5.3 Conclusions 

In this work, we presented the first PbS CQD LEFET fabricated from colloidal ink. By 
combining a n-type layer of PbS CQDs with p-type layer of polymer-wrapped 
semiconducting CNTs we obtained a well-balanced ambipolar transport, which is key to 
achieve an improvement in the external quantum efficiency of the device. The linear hole 
and electron mobilities were found to be about 0.2 cm2/Vs. The device exhibit 
electroluminescence with an emission maximum at 0.86 eV, which is slightly blue-shifted 
compared to the PL of the PbS CQD film. Interestingly, while the CNTs appear very 
important for the electrical performance of the device, we did not find measurable signature 
of their EL. The maximum external quantum efficiency of the electroluminescence is 1.2×10-
4 which is almost an order of magnitude higher compared to the previous reports on PbS 
CQD LEFETs.  

5.4 Experimental Section 

PbS CQDs synthesis: 

All the solvents and reagents were analytically pure and were used without further 
purification. Synthesis and isolation of PbS CQDs capped with oleic acid was performed by 
using a hot-injection method as described except for the amount of OA (56 mL instead of 70 
mL) and injection at a lower temperature (80 °C).[35]   

Preparation of the inks: 

Solution-phase ligand exchange was performed by using a previously published 
method.[22] In a typical procedure, 10 mL of N-methylformamide solution of 50 mM MAPbI3 
was combined with 10 mL of oleate-capped PbS CQDs in hexanes with a concentration of 5 
mg/mL. The mixture was stirred by using a magnetic stirring bar until all the CQDs are 
transferred into a polar phase. Then the top phase was discarded and the bottom phase was 
washed thrice with hexanes. Ligand-exchanged CQDs were precipitated by addition of 
acetone, collected by centrifugation and finally re-dispersed in DFP to form an ink.  

Device Fabrication.  

A 0.7 mm thick borosilicate glass substrates were cleaned with detergent and then 
consequently ultrasonicated in deionized water, acetone and isopropanol and dried in oven at 
120 °C for at least 20 min. Then the source and drain electrodes consisting from 3 nm of Ti 
and 37 nm of Au were patterned by using UV lithography. The substrates were treated with 
O2-plasma for 3 min before the CQD film deposition. CQD film was deposited by spin-
coating PbS-MAPbI3 ink in DFP inside the N2-filled glovebox at 1000 rpm. A network of 
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semiconducting CNTs was deposited by blade-coating two layers of CNT ink at 70 °C with 
3 mm/s blade speed. The CNT ink consisted of poly(3-dodecylthiophene-2,5-diyl)-wrapped 
(P3DDT) semiconducting CNTs and was prepared using the method as described in our 
previously published work.[24] Then an approximately 10 nm PMMA layer was spin-coated 
from 6 mg/mL solution in acetonitrile at 3000 rpm and dried on a hotplate for 1 min at 120 
°C. The gate dielectric was finished by growing 80 nm of aluminum oxide at 100 °C by 
atomic layer deposition from trimethylaluminum and water precursors (Picosun R200 
Advanced deposition system). Finally, the device fabrication was finished by thermal 
evaporation of gold gate electrode through a shadow mask. The device was annealed for 20 
min at 140 °C inside the N2-filled glovebox. 

LEFET Characterization 

The capacitance of the gate dielectric on indium tin oxide (ITO)/PMMA/Al2O3/Al 
devices was measured using Solarton 1260 impedance gain‐phase analyzer. Electrical 
characterization of the CQD LEFET was done using a Keithley 4200-SCS semiconductor 
parameter analyzer. Absorption spectra were recorded using a Shimadzu UV-3600 
spectrometer. Electroluminescence and photoluminescence spectra were collected using a 
spectrometer and recorded by an Andor iDus 1.7 μm InGaAs camera. For the EQE 
measurements, the response of calibrated photodiode to the emitted light from the LEFETs 
was measured. The EQE was calculated by using the following formula: 

EQE =
Idiode

Id
∙

1
Save

∙
e

hc
∙
∫ λ ∙ ELnorm(λ)dλ
∫ ELnorm(λ)dλ

 (5.1) 

where Idiode is the recorded current by a calibrated photodiode and Sav is the average 
sensitivity of this photodiode,  Id is the source-drain current of a transistor.  
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5.6 Appendix 

 

Figure 5.A1. Absorption (A) and photoluminescence (B) spectra of dispersion of 
polymer wrapped semiconducting CNTs in o-xylene. 
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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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Samenvatting 
De ontwikkeling en vooruitgang op het gebied van halfgeleidende materialen behoren 

tot de grootste prestaties van de mensheid. De integratie van deze materialen in ons dagelijks 
leven heeft de wereld waarin wij leven drastisch veranderd en heeft een sterke invloed gehad 
op onze levenskwaliteit en onze gewoonten. Halfgeleidertechnologieën zijn te vinden in 
talrijke apparaten om ons heen, gaande van LED-lampen tot smartphones, computers en 
televisietoestellen. Halfgeleiders worden doorgaans voorgesteld als kristallijne materialen 
die een hoge temperatuur en geavanceerde apparatuur voor de fabricage vereisen. Hoewel dit 
waar is voor silicium en andere klassieke anorganische halfgeleiders die ontwikkeld werden 
in de 20ste eeuw, zijn er tegenwoordig een reeks opkomende nieuwe oplosbare materialen 
die een omwenteling teweegbrengen in de manier van denken over halfgeleiders. 

Oplosbare materialen begonnen de laatste decennia op te duiken. Zij kunnen in een 
oplossing worden gesynthetiseerd en worden toegepast voor de fabricage van componenten 
vanuit een oplossing met behulp van diverse fabricagetechnieken. De verwachtingen ten 
aanzien van deze materialen zijn hooggespannen, omdat het wordt verwacht dat zij 
goedkoper kunnen worden geproduceerd dankzij de schaalbare fabricagemethoden die 
kunnen worden toegepast. De meest in het oog springende voorbeelden van dergelijke 
materialen zijn koolstofnanobuisjes, grafeen, fullerenen, halfgeleidende polymeren en kleine 
geconjugeerde organische moleculen, metaalhalogenide perovskieten en colloïdale quantum 
dots (CQDs). 

 Dit proefschrift is gewijd aan CQDs. CQDs kunnen worden voorgesteld als kleine 
sferische nanokristallen van halfgeleidende materialen die bedekt zijn met een laag 
oppervlakte-actieve stoffen. Zij vertonen een in grootte regelbare bandkloof die sterk kan 
worden aangepast als de juiste halfgeleider wordt gekozen. Bovendien trekken zij de 
belangstelling van onderzoekers wegens hun hoge chemische stabiliteit, potentiële lage 
productiekosten, bij zowel de synthese als de afzetting in dunne lagen. Wanneer een 
(bulk)halfgeleider met een smalle bandkloof wordt gekozen, zoals PbS of PbSe, bieden 
CQDs van dit materiaal enkele voordelen, zoals de mogelijkheid om het infrarode deel van 
het zonnespectrum te gebruiken in zonnecellen, en de efficiënte emissie of detectie van 
infrarood licht. Er zijn reeds enkele voorbeelden van succesvolle commercialisering van 
CQD-technologieën, bijvoorbeeld CQDs die in TV-schermen worden gebruikt vanwege hun 
hoge kleurzuiverheid. Hopelijk zal de voortdurende vooruitgang in het onderzoek meer 
CQD-technologieën naar de consument brengen. 

  Veel vooruitgang in CQD-apparaten vond plaats na de introductie van de korte 
anorganische liganden, zoals halogenide-ionen. Terwijl het gebruik van jodide en chloride 
was gerapporteerd in de literatuur, was informatie over het mogelijke gebruik van fluoride 
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liganden schaars, ondanks veel aandacht voor het onderzoeken van de andere haliden. In het 
werk gerapporteerd in hoofdstuk 2, toonden wij effectieve afzetting van PbS CQDs met 
fluoride liganden en vergeleken wij de resultaten verkregen met andere halogeniden. Wij 
ontdekten dat de optische en transporteigenschappen van met halogeniden behandelde PbS 
CQD-films een trend vertonen met de halogenide-grootte. Dunne lagen van PbS CQDs 
bedekt met fluoride en chloride liganden vertoonden een sterker p-type karakter dan degene 
bedekt met jodide, dit liet toe om ze te gebruiken als een gat transportlaag  in CQD 
zonnecellen. 

Het verkrijgen van p-type PbS CQD lagen is niet alleen belangrijk voor zonnecellen 
maar ook voor andere toepassingen. De meest gebruikelijke synthesemethoden resulteren in 
PbS CQDs met een overmaat aan Pb atomen, die intrinsieke n-dotering van de CQD 
veroorzaken. In hoofdstuk 3 wordt een nieuwe synthese van PbS CQDs met een overmaat 
aan S-atomen gerapporteerd. De methode is gebaseerd op de sulfurisatie van veelgebruikte 
oleaat-afgedekte PbS CQDs. De resulterende CQDs zijn S-rijk en kunnen opgelost worden 
in niet-polaire oplossingen. We ontwikkelden een ligand-uitwisselingsprotocol voor dit 
nieuwe materiaal dat het mogelijk maakt om de elektronenmobiliteit binnen twee orden van 
grootte aan te passen, terwijl de gatenmobiliteit ongeveer op hetzelfde niveau wordt 
gehouden (rond 1×10-2 cm2/Vs). Zoals verwacht vertonen veld-effect transistoren gemaakt 
van deze nieuwe CQDs sterk door gaten gedomineerde transporteigenschappen. 

Bij de fabricage van de apparaten in de hoofdstukken 2 en 3 is gebruik gemaakt van een 
laag-voor-laag benadering. Dit omslachtige meerstappenproces resulteert in een grote 
verspilling van kostbare materialen en heeft beperkingen met betrekking tot de hoeveelheid 
defecten in de dunne lagen en de haalbare dikte. Een succesvolle industrialisatie van CQD-
technologieën zal hoogstwaarschijnlijk afhangen van de afzetting van relatief dikke 
geleidende CQD-films in één enkele stap. Na de synthese zijn PbS CQDs gewoonlijk bedekt 
met lange isolerende moleculen, die moeten worden vervangen door kortere eenheden om 
elektronisch transport mogelijk te bevorderen. Dit kan gebeuren door de bereiding van 
colloïdale dispersies (inkten) bestaande uit CQD met korte liganden. Hoewel sommige van 
deze inkten de fabricage van efficiënte zonnecellen mogelijk hebben gemaakt, is de 
bewaartijd van de meest populaire inkten (die butylamine als oplosmiddel gebruiken) minder 
dan een paar uur.  

In hoofdstuk 4 hebben we twee polaire oplosmiddelen onderzocht, namelijk 
propyleencarbonaat en 2,6-difluoropyridine als oplosmiddelen voor de inkt. Inkten van PbS 
bedekt met methylammonium loodjodide liganden behielden hun colloïdale stabiliteit 
gedurende meer dan 20 maanden zowel in geconcentreerde als in verdunde oplossingen met 
behulp van deze beide oplosmiddelen. De veroudering en het verlies van de stabiliteit van de 
inkt is onderzocht met optische, structurele en transportmetingen. Onze resultaten tonen aan 
dat beide oplosmiddelen kunnen worden gebruikt voor de fabricage van zeer stabiele inkten. 
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Hoofdstuk 5 bespreekt hoe deze zeer stabiele PbS CQD inkten kunnen worden gebruikt 
voor de fabricage van nabij-infrarode lichtemitterende veld-effect transistoren (LEFETs). De 
met inkt afgezette CQD-film vertoont een door elektronen gedomineerd transport met een 
paar orden van grootte lagere gatmobiliteit. Dit is niet ideaal voor efficiënte LEFETs, die 
ambipolair transport vereisen. Daarom hebben we in het apparaat een p-type laag aangebracht 
die bestaat uit met polymeer omwikkelde halfgeleidende koolstofnanobuisjes. De combinatie 
van deze twee materialen in een tweelagige structuur resulteert in goed uitgebalanceerde 
ambipolaire transportkarakteristieken met een hoge mobiliteit van beide ladingsdragers van 
ongeveer 0.2 cm2/Vs zowel voor elektronen als voor gaten. Er werd een elektroluminescentie 
kwantumefficiëntie van 1.2×10-4 bij kamertemperatuur gemeten, wat een orde van grootte 
hoger is dan eerder gerapporteerde resultaten. 

Samenvattend toont dit proefschrift aan hoe zeer stabiele CQD inkten gefabriceerd 
kunnen worden en een paar benaderingen om hun elektronisch transport te controleren samen 
met de implementatie van deze materialen in relevante opto-elektronische apparaten. We 
hebben oplossingen voorgesteld voor een paar nog onopgeloste uitdagingen die de weg naar 
CQD toepassing beïnvloeden. Al onze bevindingen tonen het grote potentieel aan van CQDs 
voor de volgende generatie opto-elektronische technologieën.  

Translated by Vincent Goossens 
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