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1. Introduction to colloidal quantum dot solids 

 

 

 

 

 

 

 

 

In this chapter, I introduce the field of colloidal quantum dot solids by discussing the 

quantum confinement effect, electronic coupling and disorder, basic chemical approaches 

for dealing with colloidal materials, and the characterization of solution-processed 

semiconductors, with special attention to field-effect transistors. 

 

 

 

 

 

 

 

 

Parts of this chapter were published in a book chapter:  

D. M. Balazs, M.J. Speirs, M. A. Loi: Colloidal Inorganic–Organic Hybrid Solar Cells, 

in: H. Huang, J. Huang (eds) Organic and Hybrid Solar Cells. Springer (2014)  
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1.1. Solution-processed semiconductors 

Harvesting solar energy could be the ultimate solution to replace non-renewable energy 

sources and keep up with the increasing energy hunger of the humankind. Around 174 PW 

of sunlight reaches the upper atmosphere of which 70% enters the atmosphere, an amount 

ten thousand times larger than the current human energy consumption (18 TW averaged 

over 2015), of which only 0.03 TW (1.5%) is covered by photovoltaic (PV) devices, 

generated by 0.25 TW installed capacity).1 However, an efficient and cheap technology is 

still lacking. 

The difficulty of large scale harvesting is the lack of appropriate cell design that 

provides both high conversion efficiency and low production costs. The most widely used 

solar cells are based on crystalline silicon, representing the most mature technology and 

highest efficiency (15-17%) commercially available. The indirect bandgap and low 

absorption typical of silicon, however, requires thick active layers, which carries an 

enormous energy cost, especially in the highly pure single crystalline version. The next 

generation of solar cells contains thin films of III-V or II-(IV-)VI compounds, which enable 

much thinner layers, although the production of these thin films requires rather extreme 

conditions. Emerging technologies that are prospective candidates to replace the current PV 

technology are all based on solution processing of the absorber material (and in many cases 

the other elements of the devices as well). 

When considering applications in thermal energy harvesting, or even the fabrication of 

cheap, flexible, lightweight electronic devices one faces the same problems. However, these 

new type of applications have come into focus, and will do so even more, in the near future 

with the widespread need for self-standing, communicating electronic devices used for 

example in the internet of things (IoT) and wireless sensor networks (WSNs). 

Consequently, the need for novel semiconductors with facile processing and tailorable 

properties will remain high, and the field can count on significant interest in the next 

decades. 

The realization of soluble organic semiconductors for solar cells and field-effect 

transistors in the 1990s represents the first milestone in this process.2,3 Although these 

materials led to the flexible, cheap and lightweight displays used nowadays in mobile 

phones, televisions and computer screens, and solar cells up to 12% has been reported in 

the literature,4 the energy harvesting applications have not broken the dominance of the 

crystalline inorganic semiconductor materials (Figure 1.1) and appear as a technology that 

will be interesting for niche applications as indoor usage or in portable devices. 

Therefore several other directions have been pursued in the last decade. Since 2013, 

another class of materials gained interest in photovoltaic applications: the hybrid 

perovskites.5-7 The robust, solution-based fabrication method and high crystallinity led to 

performances competing with those of the best polycrystalline Si-based devices, the limited 

stability and the toxic lead-content limits the current commercial prospects. As an 

alternative approach, making the traditional semiconductor materials solution processable 
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not only allows for easier processing, but carries the possibility of novel ways of controlling 

the properties relevant for applications. In this thesis, a class of such materials, the colloidal 

quantum dots solids is investigated from a fundamental point of view, with respect to 

applications. 

 

Figure 1.1. Certified solar cell efficiencies of emerging materials  showing the state of art 

in research, reproduced based on the NREL PV Efficiency Chart dated Apr 2017.8 

1.2. Colloidal quantum dots 

Colloidal quantum dots (CQDs) are semiconductor crystallites with diameter in the 

nanometer range, surrounded by a shell of organic surfactants for stability in solution (Fig. 

1.2(a)). Usually, such materials are synthesized by mixing the precursors of the different 

elements in presence of a surfactant and a high boiling point solvent. The conditions are set 

to allow for nucleation and particle growth, and the reaction is quenched when the right size 

is reached. After removing the leftover reagents, the colloidal dispersion can be further 

processed chemically, or used as-prepared. Colloidal semiconductor nanocrystals have been 

discovered and described parallel by L. E. Brus and A. I. Ekimov in the early ‘80s,9,10 but 

the name “quantum dot” was invented later.11 CQDs represent a class of materials that meet 

the solution processability requirement for low-cost fabrication, and carry the promise of 

superseding the organic materials due to the robustness and order of the crystalline 

structure. Moreover, the small diameter of the particles gives rise to unique optical and 

electronic properties. In this size regime, the material cannot be considered bulk due to the 

limited range of the carrier delocalization, or in other words, the limited wavefunction 

extension. Quantitatively, when the particle diameter is smaller than the exciton Bohr 

radius of the material, the carriers experience a quantum confinement effect, and the density 

of states spectrum consists of discrete energy levels instead of the 3D bulk bands, as shown 

in Fig. 1.2(b).  

The electronic structure of the quantum dots can be described with the particle-in-a-box 

model, where the confinement energy (the shift of the energy levels) are: 
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    Eq 1.1 

where ki are the wavenumbers representing the eigenfunctions of the system and m* is 

the effective mass of the charge carriers. In an infinite deep spherical potential well, the ki 

values are replaced by the nodal points (βn,l) of the spherical Bessel-functions relative to the 

particle radius R, and the equation takes the form: 

       
      

 

      Eq 1.2 

where n and l represent the order and the symmetry/degeneracy of the functions.12 These 

states have similar symmetries to the atomic orbitals, and therefore they are noted as 1Se, 

1Pe, 1De (for electrons, or 1Sh, 1Ph, 1Dh for holes). In a realistic approach, the energy of the 

first transition in a semiconductor quantum dot can be approximated with Eq. 1.3, including 

the reduced effective mass of the electrons and holes, the Coulombic interaction of the 

charge carriers (Wannier-Mott excitons, ε is the semiconductor’s permittivity), and the 

effect of the polarization of the matrix (Ep): 

                   
           

       
 

     

  
    Eq 1.3 

The two major (confinement and Coulombic) terms have different dependence on R, 

making their relative contributions size-dependent. In sufficiently small crystals (where the 

confinement drives the energy shift), the approximation is very good, while the description 

of larger particles is less precise.13  

In practice, the discrete energy levels appear as a series of peaks in the optical 

absorption spectrum, and can be attributed to transitions of different order. Figure 1.2(c) 

shows the absorbance of CQD solutions with 3 different mean sizes. The curve belonging 

to the largest size particles show both the first (1Sh→1Se) and the second (1Ph→1Pe) 

excitonic transitions. In ensembles, the peaks take a Gaussian-like shape instead of a 

Lorentzian one, due to the strong size dependence of the energy levels and the size 

polydispersity inherent to nanoparticulate systems. Consequently, pronounced excitonic 

transitions of larger populations of CQDs can only be observed in samples where the size 

polydispersity is low. 
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Figure 1.2. a) Schematic and TEM images of PbS CQDs capped with oleic acid; b) 

electronic structure and its dependence on the crystal size in semiconductors; c) 

absorbance spectra of CQDs with different diameters showing the size-dependent bandgap. 

Many semiconductors have been used to form CQDs, but cadmium and lead 

chalcogenides are the most common materials due to the ease of synthesis and stability.14,15 

Lead sulfide (PbS) is especially appealing for solar cell applications due to its large (46 nm) 

excitonic Bohr-radius - or large confinement effect - and the IR bandgap, allowing for 

optimization of the absorbance to the solar spectrum. On the other hand, CdSe is often used 

in transistors exploiting its air and temperature stability.16 The work in this thesis was 

carried out using PbS and PbSe CQDs as model materials, but the obtained knowledge is 

translatable to most compound semiconductor CQDs synthesized using similar methods. 

From a fundamental point of view, the main advantages of CQDs lie in their small size 

and the related low-dimensional electronic structure, which allow a large tunability of 

properties, which is not allowed by bulk materials. Moreover, in confined systems, multiple 

exciton generation (MEG) - a process equivalent to the impact ionization in bulk materials - 

has a largely enhanced probability due to slower carrier relaxation and the predicted phonon 
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bottleneck.15 This process is expected to enable solar cells to overcome the theoretical 

efficiency limit of 34% described by Shockley and Queisser for traditional, bulk 

semiconductors.17-19 Alternatively, hot-carrier extraction from the discrete energy levels can 

also lead to the same effect.20 External quantum efficiencies above 100% indicating MEG-

contribution to the photocurrent has been reported in the literature, but the devices 

optimized for MEG have several drawbacks compared to the best CQD solar cells.21-23 One 

of the key problems is the insufficient control of the electronic and transport properties in 

assemblies of CQDs. 

1.3. Quantum dots in proximity 

As described in the previous section, the most frequently used model to describe the 

electronic structure of the CQDs assumes the electrons to be in an infinite deep spherical 

potential well.12 This is only an approximation though, since the presence of a strong 

evanescent wave at the particle’s surface means that the environment beyond the crystal 

phase (surfactant, solvent) also influences the energy levels. This effect is already included 

in Eq. 1.3 as the matrix polarization, but in close-packed assemblies, the dot-to-dot 

interaction also becomes relevant. When two similar CQDs are in proximity, the single dot 

wavefunctions overlap resulting in an energy splitting and changing the electronic states 

from atomic to a molecule-like. This interaction allows the carriers to partially delocalize 

over the two CQDs. In larger assemblies, these extended states can cover several quantum 

dots, depending on the overlap integral defined by the dot-to-dot distance, the energy offset 

of the interacting states, and the matrix permittivity. In case of long distance translational 

symmetry (in so-called superlattices, where the CQDs take the role of atoms in traditional 

crystal lattices), the multitude of similar localized states converts to extended states, so-

called ‘minibands’ (Figure 1.3).24,25 The assemblies of interacting particles are called 

quantum dot solids.  

The extended states are desired from both fundamental and application points of view. 

Achieving an intermediate system between 0D and 3D confinement would allow for studies 

on the electronic structure and confinement-base phenomena in bulk samples. Especially 

the regimes where the quantum capacitance dominates the behavior and conditions where 

negative differential conductance is observed can count on significant interest.26 Reliable 

observation of these phenomena requires (at least partially) coherent transport. Transport 

through the minibands is expected to appear for relatively high carrier mobilities, and give 

the possibility to efficiently use the confinement-based properties in electronic devices.  
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Figure 1.3. CQD assemblies with long-range order and the resulting extended states, the 

“minibands” allowing for delocalization of the charge carriers and coherent transport 

Assemblies wherein CQDs are far apart behave as insulators, and no charge transport 

can be observed in usual conditions. In close-packed assemblies, electrical transport is 

possible, but its mechanistic details strongly depend on the assembly properties. From an 

energy point of view, three factors determine the efficiency of charge transport in CQD 

solids.26 One is the coupling energy, β, which is determined by the tunneling rate (Γ) 

between the particles:  

              
   

  
    

 

 
           Eq. 1.4 

where E0 represents the height of the barrier, E1 and E2 are the kinetic energies of the two 

states, L is the distance between the particles and m* is the effective mass of the charge 

carrier.27 The barrier heights and the effective masses may differ for electrons and holes, 

but in general both channels are available for charge transport.28 The relative barrier height 

can be tuned by the interdot distance, the surrounding matrix and the temperature (kinetic 

energy) as well. The second important factor is the Coulombic charging energy, here 

approximated as the capacitance of metallic sphere in an insulator matrix surrounded by a 

metal shell: 

    
  

    

 

      
 Eq. 1.5 
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where e is the unit charge, R is the radius of the (spherical) particle, L is the gap thickness, 

and εm is the dielectric constant of the medium. The third component is the site energy 

disorder, Δα. Due to the polydispersity of the CQDs, the energy levels scatter with Δα/α ≅ 

2ΔR/R in the strong confinement regime, and the geometrical disorder (varying inter-dot 

distance, thus inhomogeneous coupling) also contributes to the energy disorder.29 

The relative strengths of these three effects together define the degree of delocalization 

and thus the transport mechanism in CQD solids.30 The “phase diagram”, the different 

localization regimes are shown on Figure 1.4. Relatively high coupling or high temperature 

delocalizes the charge carriers allowing band-like (coherent, scattering-limited) transport. 

On the other hand, high charging energy (relative to the temperature) causes a Coulomb 

energy gap, the carriers localize on a CQD in absence of a sufficiently large external field 

(the effect called Coulomb-blockade). Decreasing the coupling (e.g. through increasing the 

inter-dot distance) has similar results, which can occur in the same material.31 In the case of 

weak or no delocalization (relative to temperature, β < kBT), the electron transfer is a chain 

of single, thermally activated transmission events, the so-called hopping mechanism and is 

therefore inefficient. In the extreme of Ec ≫ β, the charges are site-localized, the transport 

becomes almost impossible; this is the Mott metal-insulator transition.32  

 

Figure 1.4. Phase diagram of localization regimes in QD solids (adapted from ref.30) 

If one takes the disorder into account, another regime appears: the domain localization. 

The coupling and the disorder together set the conditions for the Anderson-localization, 

when the charge carrier is delocalized over a couple of sites that are surrounded by a shared 

barrier; in this case, coherent transport is possible within the domains, but the domain hop 

is thermally assisted.32 Extreme energetic disorder can also result in site-localization and 

hopping-only transport. 

The site energy disorder has been shown to strongly affect the transport in nanoparticle 

assemblies.33 Although homogeneous broadening is dominating the emission in highly 

monodisperse (ΔR/R<3%) samples, slightly larger polydispersity is enough to cause strong 

positional disorder and a consequent inhomogeneous coupling in addition to the energetic 
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disorder, highlighting the importance of this aspect.34 On the other hand, signatures of 

miniband formation - resonant tunneling - has been observed in epitaxial QD arrays 

exhibiting high order,35 negative differential conductance has been observed in CQD thin 

films at low polydispersity and high carrier concentration,36 and indications of band-like 

transport have been reported in solution-processed inorganic semiconductors in the strong 

coupling regime.37,38 It is clear that in extreme conditions, the materials show signatures 

that indicate the desired effects, but the experimental methods used to support the claims 

have initiated quite some debate in the community,29,39 and the confinement-based systems 

are far from being ready for practical applications. 

1.4. Surface-based property control 

The need for tuning the electronic coupling is hard to fulfill in epitaxial QDs, but 

appears more accessible in colloidal systems. In close-packed arrays, the surfactants used to 

stabilize the particles in solution act as spacers, and the length of the chains sets the interdot 

distance. The dielectric constant of the molecules also affects the coupling by influencing 

the amplitude of the wavefunction outside the CQD. 

From a device application perspective, the original stabilizing surfactants, the so-called 

ligands, are a hindering factor. The commonly used oleic acid, oleylamine, tetradecanoid or 

hexadecanoic acids contain aliphatic chains with 10+ carbon atoms that easily stabilize the 

dispersions, but also effectively block charge transport, forming an insulating shell.14 

Hence, these ligands have to be replaced with shorter ones or simply removed to tune the 

electronic coupling into the conductive regime, this process is called the ligand exchange. 

The most common ligands to form device-grade assemblies are short-chain (1-4 carbon 

atoms) thiols, dithiols, carboxylic acids and diacids, and amines. The functional groups are 

chosen to have higher affinity to the CQD surface than the original ligands, so that the 

exchange process takes place without much effort. Ligand stripping, complete removal can 

be achieved by complexing agents such as diamines or Lewis-acids. The shorter length or 

no repulsion allows the attractive forces between CQDs to shrink the layers, enhancing the 

electronic coupling. The bifunctional ligands often bind to different CQDs, causing an 

effective crosslinking, and rendering the thin films insoluble in practically any solvent. 

Lead chalcogenide (PbE) CQDs are usually synthesized using lead-oleate and a small 

organic sulfur compound as precursors, causing the final product to be stabilized by an 

oleate shell.40 Shorter carboxylic acids replace the oleate though a dynamic equilibrium 

process,41 while thiols bind strongly to the surface lead atoms.42 Moreover, halides, 

pseudohalides, and chalcogenidometallate complex ions have been shown to form 

conductive arrays of lead sulfide (PbS) CQDs due to the large lattice formation enthalpy of 

the resulting shell materials.43-45 



- 12 - 

 

 

Figure 1.5. Common ligands used to form conductive CQD assemblies  

(left side: organic molecules, right side: inorganic ions) 

The large surface area (the number of surface atoms being significant compared to the 

“bulk” ones) allows for broad tuning of the properties through the surface chemistry. 

Ligands with a strong dipole moment can largely influence the position of the energy of the 

confined states relative to the vacuum level.46-48 The right choice of surface termination can 

increase the air stability of the CQDs or change the doping, or simply affect the material 

quality.49-53 

Material quality, when speaking about semiconductors, is the cleanness of the band gap 

(lack of mid-gap states), sharp band edges (low disorder), and well controlled carrier 

concentration (only intentional doping).54 It cannot be emphasized enough how important 

this factor is, when creating the nanomaterials with tailored the properties. Due to the large 

surface area, many atoms have less neighbors than the bulk coordination number, resulting 

in the emergence of surface states. Any chemical, structural or stoichiometric 

inhomogeneity at the surface creates localized in-gap states that act as charge carrier traps, 

or recombination centers. These states can appear during the synthesis, but also during the 

ligand exchange. To achieve high quality materials and efficient transport, the surface 

chemistry and the possibility to control or remove the surface states have to be explored. 

Several methods have been proposed to improve the material quality in CQD solids. 

Using a solution-phase halide passivation or extra cleaning steps after the synthesis can 

largely improve the starting material.55,56 Formation of a type-I nano-heterojunction by 

covering the CQDs with an atomic shell of another semiconductor reduces electron 

trapping in the ligand-exchanged thin films.57 Having improved the synthesis and the 

starting material, the ligand exchange process remains the most important source of traps in 

CQD solids. 

Ligand exchange is mostly performed on thin films of CQDs on the substrate of choice 

for the actual sample fabrication. The shortening of the interdot distance results in cracking 

and induces disorder in the assemblies.51,58 Optimizing the solid film ligand exchange 

conditions has been the most researched topic in the field of CQD solids in the last couple 
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years.23,45,49-51,59-63 Parallel, other approaches have been investigated to avoid cracking and 

disorder, and to improve the (usually less than 100%) ligand exchange conversion. 

According to recent reports, ligand exchange in solution leading to phase transfer allows for 

fabrication of homogeneous, conductive films, although some experimental difficulties 

(colloidal stability, processing conditions in high boiling point solvents) have yet to be 

overcome.23,64-66 Highly ordered films can also be prepared using a liquid bath as a 

substrate, allowing for reorganization of the films upon ligand-exchange; the coupled array 

is then transferred to the substrate of choice.67-72 All these methods have pros and cons, and 

they share the need for deeper understanding the nanoscale chemical processes happening 

during the ligand exchange and their driving forces to tailor the properties of the final 

product, the confined-but-connected arrays, the coupled CQD solids. 

1.5. Characterization methods for novel semiconductors 

When doing research in material chemistry, the investigation has to cover several 

aspects of the sample properties. For semiconductors, the most important aspect is the 

charge carrier mobility and concentration. The most common method for such analysis in 

crystalline materials is measuring the Hall-effect. In disordered materials, however, the lack 

of coherent carrier motion makes the measurement less reliable, and the noise stemming 

from the high resistance causes difficulty in detecting the Hall-voltage. A simple method to 

test the charge transport (and thus the electronic) properties of solution processed 

semiconductors is the fabrication and characterization of field-effect transistors, FETs. The 

advantages of the method are the simple (often one-step) fabrication, the widely available 

theoretical knowledge and literature examples, the prospects of direct applications in logic 

circuits, and - most importantly - the ability to distinguish and separately test the electron 

and hole transport characteristics with simple electrical measurements, without using 

magnetic field.  

 

 

Figure 1.6. Device structure of a field-effect transistor structure; the potential applied to 

the gate electrode (VG) controls the current (ID) between the source and drain electrodes 
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It is important to note, that the theory describing the behavior of a FET was originally 

developed for crystalline, bulk semiconductors, but is reasonably applicable for molecular, 

polymeric or quantum-confined materials as well. The phenomenological way of applying 

the theory on CQD solids give insight into the material properties, but further theoretical 

and experimental work is required to understand the details of the fundamental processes. 

A FET is a three terminal device, where the current between two contacts is modulated 

by a third electrode that only in capacitive (i.e. not direct Ohmic) contact with the rest of 

the device, as shown on Figure 1.6. The insulator is often an oxide layer grown on a heavily 

doped silicon wafer; using the substrate as a gate electrode simplifies the fabrication 

process. The source and drain electrode materials are chosen to match their workfunctions 

to the conduction or valence band energies of the semiconductor, achieving good Ohmic 

contact. 

 

Figure 1.7. Schematic band diagram of a field-effect transistor in a) electron 

accumulation, b) depletion and c) hole accumulation mode; the cases a) and c) represent 

the ‘on’ state, while case b) causes the device to be in ‘off’ state. 
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The operational principle of a thin film FET is similar to that of a 

metal-insulator-semiconductor capacitor.73 When a potential is applied to the gate 

electrode, band bending occurs in the semiconductor to approach Fermi-level matching in 

the junction (see band diagrams on Figure 1.7). The consequent charge carrier 

accumulation or depletion near the insulator-semiconductor interface changes the 

conductivity, opening or closing a 2D channel. Intrinsic (or close-to-intrinsic) 

semiconductors, where the device is in depletion without external bias, don’t have an upper 

limit for the thickness, since it is enough to accumulate charge carriers near the interface. 

However, if the material is heavily doped, proper transistor behavior is only achieved in 

very thin (nm) films, since bias-induced depletion of the whole film is required to reach 

‘off’ state. Due to this 2D nature of the conductive channel, the properties of the 

insulator-semiconductor interface dominate the observed behavior. Hence special attention 

has to be given to the morphology control and the cleanness during the fabrication process. 

 

Figure 1.8. Behavior of a FET at constant gate bias: 1. linear regime, 2. pinch-off,  

3. saturation regime. Vth represents the minimum gate bias required for charge 

accumulation. 

When the behavior of a FET is investigated, two types of measurements are performed. 

In the first case, the drain voltage is scanned at fixed gate voltages providing the output 

curves. In the second case, the transfer curves are obtained by fixing the drain voltage and 

scanning the gate bias. The output curves showing a typical transistor behavior are sketched 

on Figure 1.8. In accumulation mode at low drain voltages, the current increases linearly 
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with the drain bias (sketch 1, linear regime). When the drain bias is sufficiently high to start 

to interfere with the effect of the gate electrode, the current-voltage curve turns sublinear 

(sketch 2, pinch-off point), and then the current saturates at high drain voltages (sketch 3, 

saturation regime), being limited by the growing region near the drain electrode with the 

distorted potential profile. The different gate voltages shift the pinch-off point, but the 

general curve shape remains the same. 

Examples for the transfer curves are shown in Figure 1.9. When the gate voltage is 

scanned at a fixed drain bias, the device can be switched between the ‘on’ and the ‘off’ 

states. In ‘off’ state, the current is set by the ungated charge carrier density in the bulk of 

the thin film (no 2D channel is formed). However, it can be strongly affected by the 

channel bias; large drain voltages facilitate charge injection into the film, significantly 

increasing the ‘off’ current. The shape of the curves depends on the material properties. In 

unipolar devices, only one of the charge carriers can be accumulated easily, and the transfer 

curves have one “on” and one “off” state. In devices, where both charge carriers can be 

accumulated, two “on” states and a narrow “off” state appear. 

 

Figure 1.9. Schematic transfer curves in a (a) unipolar p-type, (b) unipolar n-type and 

(c) ambipolar FET; (d) the ambipolar transfer behavior on logarithmic scale showing the 

“off” state and the two “on” states. 

The current-voltage characteristics can be approximated by assuming a linearly 

changing potential in the channel and a film thickness larger than the Debye-length of the 

semiconductor (“infinitely” thick from an electrostatic point of view). In linear regime 

operation (where VD < VG - Vth), the current increases linearly with the gate voltage: 
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 Eq. 1.5 

where W and L are the channel width and length, n2D is the average sheet carrier density 

in the film,    is the average charge carrier velocity, C is the gate capacitance and μ is the 

charge carrier mobility. The mobility can easily be obtained from a linear fit to the ID-VG 

curves at high gate voltages, knowing the channel geometry and the oxide thickness. If 

several devices with different channel length are used, the contact resistance can be 

extracted by linearly extrapolating the total resistance vs. channel length dataset to L = 0 

(this is the so-called transfer line method).  

The threshold voltage (Vth) provides information about the energy level alignment 

between the gate metal and the semiconductor. In thin film transistors (with thickness d 

lower than the Debye-length), the threshold can be expressed as: 

         
   

 
 

  

 
 Eq. 1.6 

where ϕms is the Fermi-level offset between the gate electrode and the semiconductor, N 

is the 3D bulk charge carrier density, and n is the 2D trapped charge at the 

insulator/semiconductor interface. Shifts of the threshold give insight to energy level shifts, 

charge carrier density changes and altered surface properties. 

Morphological characterization of the samples can be done for example using atomic 

force microscopy (AFM), which gives information of the layer homogeneity and 

microstructure. The order on a smaller scale can be tested using electron microscopy, which 

was found to be an essential tool in this research. Methods that can be coupled with 

transmission electron microscopy (TEM, delivering structural information on the nm scale), 

are energy dispersive X-ray scattering (EDX) that provides local or semi-local 

compositional information, and electron diffraction (ED) revealing the details of the Å-

scale order. Moreover, order in thicker samples on a larger scale can be tested using small-

angle X-ray scattering (SAXS). A full characterization of the sample structure can provide 

valuable information on factors limiting or boosting the charge transport, as shown later. 

Optical properties of the semiconductors are essential to be kept under control, given the 

strong light-related applications. Interaction of the samples with light can be studied using, 

besides others, absorbance and photoluminescence spectroscopies. While the former 

delivers information about the ground state electronic structure of the material, the latter 

gives information about processes occurring in the excited state, including recombination 

and energy conversion/transfer within the sample. Understanding these processes is 

essential in improving the material quality and device efficiencies. 
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1.6. Outline of the thesis 

The motivation of this work to show the prospects of chemical property control in CQD 

solids with the synthetic and measurement methods available at this time. The five chapters 

all investigate a different aspect of film formation, device fabrication, measurement, or 

property control in lead-chalcogenide CQDs for photovoltaic or optoelectronic applications. 

In Chapter 2, the effect of air exposure on the charge transport properties in thiol-

capped PbS CQD arrays is investigated. Based on the results, a good laboratory practice is 

set for CQD FET fabrication and characterization that is used throughout the whole thesis. 

Chapter 3 discusses the possibility of forming high quality CQD assemblies using 

inorganic ligands. I show the power of self-organization and epitaxial fusion of faceted 

nanocrystals in thin films, and that a single blade-coating step and a subsequent ligand 

exchange is enough to fabricate high performance CQD FETs. The ligand exchange process 

is characterized in details, and an acidic catalytic reaction mechanism is observed, mainly 

through characterization of FETs. 

The formation and use of inorganic-capped PbS CQD inks that can be used as an 

alternative to the layer-by-layer processing to form crack-free, high quality thin films, are 

discussed in Chapter 4. With a short washing of single-step-deposited films, properties 

similar to the best layer-by-layer processed devices are achieved. The chemical and 

physical changes occurring during the washing are investigated and discussed in details, as 

a step towards making scalable, facile fabrication of CQD solids possible. 

Trying to overcome hole transport bottleneck in high quality inorganic PbS CQD solids, 

Chapter 5 describes a method to perform improve the hole mobility and concentration 

using a low temperature chemical approach, by changing the layer composition. The 

electron-hole mobility gap is strongly reduced in thin films with balanced stoichiometry, 

indicating changes in the electronic structure of the arrays. 

In Chapter 6, I show that organizing PbSe CQDs into ordered superlattices results in 

high charge carrier mobilities, and it can be further improved towards the single crystal 

values by epitaxially necking the neighboring particles. At the same time, the confinement 

of the layer is partially retained, realizing a true confined-but-connected quantum dot solid. 
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