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Chapter 1  
 

Introduction 
 

 

 This chapter gives an overview of the physical properties (including charge 

transport and optical properties) of semiconducting colloidal quantum dots 

based on lead sulfide (PbS), and research progresses on the use of these colloidal 

quantum dots for the fabrication of field-effect transistors (FETs). Some 

potential methods for improving charge carrier mobility in PbS FETs will be 

discussed. In the final section, the experimental techniques used and the outline 

of this thesis will be provided. 
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1.1 Colloidal Quantum Dots 

 Semiconductor colloidal quantum dots (QDs), often also called nanocrystals 

(NCs), are a class of solution processable crystalline materials with size ranging 

from 1 to 20 nm.[1] Due to their tiny dimensions, QDs consist of only few hundreds 

to thousands atoms. With this finite number of atoms, the properties of QDs 

resemble those of atoms showing quantization of their energy levels, for which 

reason they are also often called artificial atoms.[2–5] Indeed, when the size of QDs 

is smaller than their exciton Bohr radius, strong quantum confinement of charge 

carrier wave-function, which leads to size-dependent electronic and optical 

properties, is displayed.[6–8] This size-tunable phenomenon due to the quantum 

confinement is commonly called as quantum size effect.   

 Among many types of QDs which have been introduced in the last years, lead 

sulfide (PbS) QDs are one of the most interesting particularly because they have 

large exciton Bohr radius (~20 nm) and at the same time possess straightforward 

and well-established synthetic methods which give rise to high quality 

materials.[9–12] As a result of the large exciton Bohr radius, strong quantum 

confinement can be effectively achieved to control the band gap of the PbS QDs 

from 0.4 to 2 eV by tuning their size from bulk to 2 nm.[13,14] Because of this size-

tunable band gap, PbS QDs have been used as promising semiconducting building 

blocks for highly efficient optoelectronic devices such as solar cells,[15–25] 

photodetectors,[26–28] and light-emitting devices.[8,29] More recently, the solution 

processability of these QDs has also attracted great attention for the fabrication of 

field-effect transistors.[30–42]  

 PbS QDs are synthesized using the so-called hot injection process by rapidly 

injecting organometallic precursors into a hot solvent containing organic 

surfactants.[10,12] The organic surfactants consist of long-chain hydrocarbon 

compounds such as oleic acid,[43,44] n-octadecylphosphonic acid,[35] 

trioctylphosphine oxide (TOPO),[45] and hexadecylamine.[46,47] When the 

organometallic precursors are rapidly injected into the mixture of the hot solvent 

and the organic surfactants, a decrease of temperature initiates the nucleation of 

the compounds, which is followed by particle growth after reheating the final 

mixture. The long-chain hydrocarbon surfactants, organic ligands, play an 

important role in determining the kinetics of nucleation and growth in the 

solution.[46] The key synthesis parameters need to be balanced in order to obtain 

monodisperse colloidal QDs with controllable size. The monodisperse QDs which 

should possess identical shape, structure, size, and surface chemical properties 

result in samples with narrow emission bandwidth and high luminescence 

efficiencies.[12] The high resolution transmission electron microscopy (HRTEM) 

images of monodisperse PbS QDs (with diameter of 3.6 nm) are shown in Figure 

1.1 (a) and (b).  
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(a) (b)

(c)

50 nm

 
Figure 1.1 High resolution transmission electron microscopy (HRTEM) images of PbS QDs 

at (a) low and (b) high magnification. (c) Schematic of PbS QDs with long organic ligands 

on their surfaces. 

 

 The long ligands are also fundamental as stabilizers for the colloidal 

dispersion by capping the QD surfaces, and preventing particle aggregation. The 

ligands generally used provide good QD dispersibility in most organic solvents.[46] 

These allow QD thin films to be deposited using low cost and low temperature 

solution processed methods such as spin-coating,[27] blade-coating,[28] dip-

coating,[40], and roll-to-roll processes.[40] Figure 1.1 (c) presents the schematic of 

PbS QDs with long ligands on their surfaces. When PbS colloidal QDs are 

assembled onto thin film solids, the ligands behave as tunneling barriers, which 

maintain the quantum confinement of the individual QDs.  

1.2 Electronic structures of QDs 

1.2.1 Quantum confinement  

 Due to complete quantum confinement of charge carrier wave function, the 

electronic structures of QDs have unique characteristics with respect to their 

parent bulk materials and other material structures such as quantum wells and 

quantum wires. In bulk materials, charge carriers are fully delocalized. The 
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carriers move through the energy bands formed due to the overlap of wave 

functions between neighboring atoms. According to the nearly-free electron 

model, charge carriers in bulk materials have almost continuous energy spectrum 

(E) (vide infra) and the density of states in this system is proportional to E1/2.[48] 

By reducing the material dimension, the bulk materials turn to quantum wells 

(two-dimensional structure – confined in 1 direction) and quantum wire 

structures (one-dimensional structure – confined in 2 directions), or to a 

quantum dot (zero-dimensional structure – confined in 3 directions) as 

demonstrated in Figure 1.2. As a consequence of the quantum confinement, the 

density of states in quantum wells and quantum wires displays unique profiles 

showing increment of the density of electronic states only at certain energy.[49] 
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Figure 1.2 Quantum confinement and density of states in materials with different 

dimensionality. 

 

 In QDs, charge carriers are confined in all directions of the materials as 

demonstrated in Figure 1.2. With the quantum confinement, the density of states 

in QDs appears as the delta Dirac function, which again displays the 

characteristics of energy quantization. As mentioned, the quantum confinement 

in QDs becomes active when the size or radius of the particles is smaller than the 

exciton Bohr radius (RB),[50] 
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        (1.1) 

where ε, ħ, μ, and e are dielectric constant, reduced Planck constant, reduced mass 

of holes and electrons, and elementary charge constant, respectively. In PbS, the 

exciton Bohr radius can be as large as 20 nm which effectively allows strong 

quantum confinement even in relatively large sized particles with respect to other 

materials such as CdSe (RB=5.6 nm),[51] CdS (RB=2.8 nm),[52,53] and ZnO (RB=2.87 

nm).[54]  
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Figure 1.3 Quantum confinement and size effect in QDs. The dash lines show discrete 

energy levels in QDs. The band gap (red lines) increases with decreasing the QD size. 

 
 Many studies have been performed to understand the electronic structures 

of QDs.[55,56] A simple approach to study their electronic structures is based on the 

strongly confined particle model in a square potential well as demonstrated in 

Figure 1.3. The potential barrier is produced by the surface of QDs and the ligands 

on the QD surface. By applying the Schrodinger equation, the energy levels (En) 

of carriers in QDs are quantized as: 
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    (1.2)  

where m* is the effective mass of holes and electrons in QDs. Lx, Ly, and Lz are the 

size of QDs in x, y, and z direction respectively. The three integer quantum 

numbers (nx, ny, and nz) indicate the quantization of energy in the directions. The 

first transition energy, thus the band gap, can be estimated from the difference of 

the ground state energy of electrons and holes (EG=Ee1-Eh1) as demonstrated in 

Figure 1.3. This ground state energy is inversely proportional to the QD size as 

stated in equation (1.2). As a consequence, the band gap (EG) of QDs increases 

with decreasing the particle size. The size-tunable band gap of QDs is shown in 

Figure 1.3. 

 Another approximation for the electronic structures of QDs is using a 

spherical potential model.[49,56] By solving the Schrodinger equation in spherical 

coordinates, the energy levels of charge carriers in QDs with radius R can be 

written as:[49] 
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      (1.3) 

where χn,l is the nth zero of the lth-order spherical Bessel function. The schematic 

of energy levels in spherical QDs is shown in Figure 1.4. 
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Figure 1.4 Energy levels of spherical QDs with radius R. 

 

 A more comprehensive analysis involving the effective mass model shows 

that the energy of the first excited electronic states (band gap energy) in QDs with 

radius R can be stated as,[57,58] 
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  (1.4)  

where EGbulk and εo are the bulk band gap energy and vacuum permittivity 

constant, respectively. The third term in equation (1.4) corresponds to the 

Coulomb interaction between holes and electrons in the QDs. In line with the 

square-shaped QDs, the band gap energy of spherical QDs increases with 

decreasing the radius of the QDs.  

1.2.2 Role of capping ligands   

 The ligands have the double role of stabilizing the QD colloidal solution and 

to guarantee the quantum confinement over long time. For this reason they are 

chosen to be well insulating. This also means that when the QDs are organized in 

a film, the ligands suppress charge transport within the QD film. To improve the 

film conductivity, the long ligands need to be exchanged with shorter ones. This 

ligand exchange can be done either in solution or in solid state.[59–61] Several short 

ligands have been shown to enable charge transport while still maintaining 

quantum confinement within the QD solids.[62,63] As this statement can appear 

peculiar, it needs to be clarified in the sense that the short ligands allow carriers 

to tunnel between QDs while the QD films still show quantum confinement in 

terms of their band gap and optical properties. 

 The short ligands can be organic (e.g. 3-mercaptopropionic acids/3MPA,[64] 

benzenethiols/BT,[65] benzene-dithiols/BDT,[66] 1,2-ethanedithiols/EDT,[67] 1,2-

ethylenediamine/EDA,[68] thiocyanates/SCN-,[33] etc) or inorganic molecules or 

single atoms (e.q. metal chalcogenides,[46,47] halometallates,[62] halide anions,[60] 

etc). The chemical structures of some of the most common ligands are shown in 

Figure 1.5 (a). As a result of the ligand exchange, the exchange coupling energy 
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(β), related to the tunneling rate of charge carriers between QDs, increases. The 

exchange coupling energy can be written as:[1] 

  




 dEm b

2
1

2*22exp      (1.5) 

where Eb and d are the potential barrier height and the inter-QD distance, 

respectively. From equation (1.5), it is obvious that the tunneling rate of charge 

carriers increases with decreasing the inter-QD distance. In agreement with 

equation (1.5), Law et al. reported that the charge carrier mobility in lead 

chalcogenide QD systems increases exponentially with decreasing ligand length, 

thus the inter-QD distance.[7] 
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Figure 1.5 (a) Chemical structures of ligands and (b) energy levels of PbS QDs with different 

ligands. The black and red lines correspond to the valence bands and Fermi levels of the 

materials, respectively. The green and blue lines are the optical and transport conduction 

bands of the materials, respectively. Tetrabuthylammonium halide ligands (TBAX, X=Br, 

I, Cl) produce deeper conduction bands than those with thiol-based ligands. The data of 

the energy levels are extracted from literature.[69] 
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 The short capping ligands on the QD surfaces also modify the electronic 

structures of PbS QDs. As referred to Figure 1.5 (a), the short ligands may change 

dielectric environment between neighboring QDs. The ligands with their different 

dipole moments can influence the energy alignment inside QDs. As a result, the 

electronic structures of QDs including the vacuum energy, Fermi level, valence 

band, and conduction band can be affected. Brown et al. reported energy level 

modification in PbS QD films using various ligands.[69] The same authors reported 

a comprehensive energy level schematic of PbS QD films with different capping 

ligands that is reproduced in Figure 1.5 (b). Although capped with similar 

bidentate thiols (BT and 1,4-BDT), a significant shift of the conduction and 

valence bands up to 0.7 eV is observed. With halide-based ligands, the conduction 

bands of the PbS QD films can be as deep as -4.5 eV (TBABr). With these 

significant shifts, the use of particular capping ligands can determine the 

performance of electronic devices based on PbS QDs by controlling the charge 

extraction between injection/extraction contacts and the semiconducting films.

  

(a) (b)

Ligand Exchange

X

X

Halide-filled

PbS QDs

Halide ligands

3MPA

 
Figure 1.6 (a) Schematic of ligand exchange. Due to incomplete ligand exchange reaction, 

some dangling bonds on the QD surfaces are formed. (b) Schematic of PbS QDs passivated 

with organic ligands (3MPA) and hybrid organic/inorganic (3MPA/halide) ligands. Due to 

their large size, some 3MPA molecules are not able to penetrate into some inter-cation 

trenches. The schematic is adapted from reference.[16]  

 

 The high surface area to volume ratio of QDs, typical of nano-objects, makes 

them more prone to develop a high number of traps on the QD surfaces. These 

carrier traps are extremely important as they limit the performance of the 
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electronic devices based on QDs. The carrier traps may originate from structural 

aperiodicity and off-stoichiometry composition of the QDs.[70] The ligands take 

also an important role in providing surface passivation against carrier traps. 

Nevertheless, after the exchange of the long ligands to shorter ones, some surface 

dangling bonds may also be formed because of an incomplete ligand exchange 

reaction. These dangling bonds can indeed act as additional carrier traps on the 

QD surfaces as schematically shown in Figure 1.6 (a). Ip et al., found that steric 

interactions prevent some short organic ligands such as 3MPA from penetrating 

the inter-cation trenches on the QD surfaces as displayed in Figure 1.6 (b).[16] As 

a result, some un-passivated QD surfaces remain which act as additional traps.  

 In comparison to organic ligands such as 3MPA and other thiol-based 

ligands, halide ligands have been reported to provide an effective passivation 

against carrier traps that results in high performance FETs and highly efficient 

solar cells based on PbS colloidal QDs.[15,63] However, recently Balazs et al., have 

also underlined the importance of counterions (ammonium, methylammonium, 

tetrabuthylammonium in iodide salts) in the ligand-exchange mechanism.[63] 

Since they have specific reactivity and acidity, the types of counterions can 

determine the effectiveness of the ligand exchange reaction, thus the removal of 

native long organic ligands. With the treatment of the first two ligands, efficient 

charge transport in the PbS films is revealed, as indicated from the high film 

conductivity. Particularly, the films treated with methylammonium iodide enable 

good performing transistors with electron mobility of 0.05 cm2V-1s-1 and on/off 

ratio of 106. Meanwhile, among those ligands, the films treated with 

tetrabuthylammonium iodide show poor conductivity. The lower reactivity of 

tetrabuthylammonium iodide than that of others results in incomplete removal of 

the native long insulating ligands on the QD surfaces, suppressing the charge 

transport between neighboring particles. 

1.3 Optical properties of PbS QDs 

Similar to their unique electronic structures, the optical properties of QDs 

are also size-dependent as a result of the quantum confinement effect. In addition, 

when colloidal QDs are assembled onto thin film solids, the distance between QDs 

determines the electronic coupling between neighboring QDs. The change of the 

electronic coupling between QDs also influences their optical properties. In this 

section, the effect of QD size and inter-QD distance on the optical properties of 

PbS QDs is reviewed.  
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1.3.1 Effect of QD size  

QDs are characterized by strong excitonic interactions that are displayed 

from the strong (excitonic) peak in the lower energy region of the absorbtion 

spectrum. Figure 1.7 shows the absorbance spectrum of PbS QDs with different 

sizes. It is obvious that the excitonic peaks are red-shifted with increasing the QD 

size, also indicating the decrease of the band gap. In 3.7 nm PbS QDs, the excitonic 

wavelength is about 1100 nm, which corresponds to the band gap of 1.13 eV. This 

band gap as explained earlier is larger than that of bulk PbS (EG=0.41 eV). By 

increasing the QD size to 6.5 nm, the excitonic wavelength shifts to 1660 nm. 

Meanwhile, when the QD size is reduced to 2 nm, a blue-shifted excitonic 

wavelength results in the band gap of 2 eV.[14] With the size-tunable optimal band 

gap properties, PbS QDs allow optimal utilization of the solar spectrum 

particularly in the near-infrared region which is beneficial to realize highly 

efficient solar cells. 

 

 
Figure 1.7 Absorbance spectrum of PbS QDs of different sizes. The spectrum are modified 

from reference.[14] 

1.3.2 Effect of inter-QD distance   

 In QD films, the inter-QD distance determines the electronic coupling 

between QDs. When they are at a large distance, the electronic coupling between 

QDs is very small and charge transport does not occur. In this regime, the QD 

arrays have approximately identical electronic and optical properties as individual 

QDs. As the inter-QD distance is reduced, the electronic coupling between QDs 

becomes important. Consequently, the carrier wave function can extend over the 

films, which influences the electronic structures and the optical properties of the 

QD films. Several groups have reported that the excitonic peaks of CdSe and InP 

QD films in the absorbance spectrum shift to the red by reducing the inter-QD 

distance.[71,72] Similarly, a red-shifted profile of the absorbance spectrum of PbS 
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films is also observed by reducing the inter-QD distance from the use of long oleic-

acid (OA) and short EDT ligands as presented in Figure 1.8.  

 

 
Figure 1.8 Absorbance spectra of PbS QD films with OA and EDT ligands. 
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QD films at higher temperature. However, the high annealing temperature may 

result in sintering of the QDs leading to the vanishing of quantum confinement 
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direction. Consequently, the PbS films show reduced band gap and weaker 

excitonic signatures.  
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charge carriers within the QD films is strongly influenced by the inter-QD distance, 

this effect can also be used to tune the charge transport properties in the QD films. 

1.4 PbS QD field-effect transistors (FETs) 

 Understanding charge transport in PbS QD solids has recently become an 

important research interest in the QD community. One of effective tools for this 

investigation is the fabrication of field-effect transistors (FETs).[75–78] The 

fabrication and characterization of FETs are one of the most straightforward 

methods to obtain information on charge carrier mobility and to study transport 

mechanisms in semiconductors. This section is devoted to provide an overview 

about the basic operational principles of FETs as well as some research progress 

related to the methods to improve charge transport in PbS QD-FETs. 

1.4.1 Basic operation of FETs 

 In their structure, FETs use three materials including metal, insulator, and 

semiconductor as main components. Figure 1.9 (a) shows the schematic of an FET 

with channel length L and width W. FETs have 3-terminal configuration namely 

gate, source, and drain electrodes. In general, the source electrode is connected to 

the ground whereas the gate and drain electrodes are connected to a voltage 

source. In FETs, the semiconductor and the gate electrode are separated by a thin 

layer of insulator. By applying a voltage to the gate electrode, charge carriers are 

accumulated at the semiconductor/insulator interface. These accumulated charge 

carriers form a conducting path where charge carriers can flow from the injecting 

electrode (source) to the collecting electrode (drain). The minimum gate voltage 

(Vg) that is required to form the conducting channel is defined as threshold 

voltage (Vth).  

 Depending on the semiconductor, FETs can show n- or p-type or ambipolar 

properties. In n-type FETs, when a positive gate voltage is applied, the Fermi level 

of the gate electrode is shifted down resulting in downward bending of the 

conduction band (CB) and valence band (VB) of the semiconductor. Consequently, 

electrons are accumulated at the semiconductor/insulator interface. Meanwhile, 

in p-type FETs, when a negative gate voltage is applied, the Fermi level of the gate 

electrode is shifted up. This condition results in upward bending of the CB and VB 

leading to hole accumulation at the semiconductor/insulator interface. In 

ambipolar FETs, both electrons and holes are accumulated at the 

semiconductor/insulator interface depending on the polarity of the gate voltage. 

Figure 1.9 (b)-(d) show the schematics of energy diagram in FETs with several 

gate bias conditions. 
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Figure 1.9 (a) Schematic of an FET device. Energy band diagram in an FET with (b) zero, 

(c) positive, and (d) negative gate voltages. 

 

 The electrical behavior of an FET is determined by measuring two types of I-

V characteristics, namely the output and transfer characteristics. The output 

characteristics of FETs are obtained by measuring the source-drain current (Ids) 

as a function of source-drain voltage (Vds) at fixed Vg. The transfer characteristics 

are obtained by measuring the source-drain current (Ids) while sweeping the Vg at 

a fixed Vds. The transfer characteristics demonstrate the effectiveness of the gate 

voltage in modulating the electrical current in the devices and in switching the 

devices from the off to the on-state. When a Vds << (Vg – Vth) is applied on the 

FETs, as mentioned already charge carriers are accumulated forming a 

conducting path with homogeneous carrier density as demonstrated in Figure 1.10 

(a). The conducting path forms a channel connecting source and drain which 

allows the flow of electrical current. In this condition, the FETs behave like a 

resistor where the current increases linearly with increasing Vds, which is referred 

to as the linear regime. The source-drain current in the linear regime is written as, 
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   (1.6) 

where μ and Ci are the charge carrier mobility in the devices and the capacitance 

of the gate insulator. It is important to note that the above equation assumes the 
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absence of contact resistances at the source and drain contacts, thus an Ohmic 

contact. In the presence of a Schottky barrier between the source/drain work 

function and CB/VB of the semiconductor, FETs show S-shaped output 

characteristics in the linear regime at low VDS. 
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Figure 1.10 Schematic view of the basic working principles of FETs in (a) the linear, (b) 

parabolic, and (c) saturation regime, with corresponding Ids-Vds output characteristics. 

 
 As the Vds increases, the voltage drop across the insulator near the drain 

decreases resulting in non-uniformity of the density of accumulated carriers as 

displayed in Figure 1.10 (b). As a consequence, the channel resistance of the 

devices increases, leading to a decrease of the slope of the output characteristics. 

At this point, the transistors operate in the parabolic regime. In this regime, Ids 

will depend on the other parameters as expressed in equation (1.6). In the linear 

regime, the second term in the equation (1.6) is much smaller than the first part 

allowing neglecting the quadratic term, which preserves the linearity of the output 

characteristics. However, as the Vds increases, the second part of the equation will 

become important, resulting in the parabolic shape of the output characteristics.   

 When the Vds is further increased (Vds >> (Vg-Vth)), the accumulated charge 

carriers move toward the source electrode. At a given Vds, the so-called Vd,sat, is 

reached, then the density of the accumulated carriers is zero at the drain electrode. 

In this condition, the charge carriers travel through the channel toward the drain 

electrode. At the point where the carrier density goes to zero, so-called pinch-off 
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point demonstrated as Vd,sat in Figure 1.10 (c), the charge carriers are swept by the 

electric field between the pinch-off point and the drain electrode, and flowing 

through the space-charge region. In the ideal condition, the increase of the 

conductance is zero, thus the source-drain current is constant, since the electric 

current is only governed by the carrier diffusion through the space-charge region 

(between pinch-off point and the drain electrode). This condition is called 

saturation regime since the source-drain current saturates (constant) even though 

the Vds increases as demonstrated in Figure 1.10 (c). In the saturation regime, the 

source-drain current can be expressed with the equation: 
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Figure 1.11 The Ids-Vg transfer characteristics of FETs in (a) the linear and (b) semi-

logarithmic scale. 

 

 The transfer characteristics are obtained by measuring the Ids and sweeping 

Vg at a given Vds. As previously mentioned, when a Vg is applied, the charge 

carriers are accumulated at the semiconductor/insulator interfaces forming a 

conducting path (channel) between the source and drain electrodes. When the Vg 

is lower than the threshold voltage (Vth), no current flows through the channel. As 

the Vg gradually increases beyond the Vth, the density of the accumulated charge 

carriers increases which results in the decrease of the channel resistance. 

Consequently, the Ids increases with increasing the Vg. In the ideal condition, no 

current flows to the gate because the gate electrode is separated by an insulating 

layer. The typical Ids-Vg transfer characteristics of FETs in the linear scale are 

shown in Figure 1.11 (a). By measuring the transfer characteristics, the charge 

carrier mobility in the linear regime (μlin) can be derived as, 
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where Ids/Vg is the transconductance that can be calculated from the slope of 

the transfer characteristics of the devices. The mobility in the saturation regime 

(μsat) is derived from equation (1.7) and stated as, 
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where Ids1/2/Vg is calculated from the slope of the square root of Ids versus Vg 

characteristics.  

 At this point, it is important to consider the Ids-Vg transfer characteristics in 

the semi-logarithmic scale as displayed in Figure 1.11 (b). The Vg where the current 

starts increasing exponentially is defined as on-voltage (Von). The Von also 

provides information on the doping level in FETs. Moreover, Figure 1.11 (b) also 

shows the off- and on-state of the devices. The ratio of on-current and off-current 

is defined as the on/off ratio, which indicates the ability of the devices to be 

switched from the off- to on-state. Good performing FET devices are expected to 

have high on-off ratio, the precise figure of merit will mostly depend on the 

application.   
 The semi-logarithmic profile of the transfer curve also reveals another 

important regime in the FET devices.[79] The so-called subthreshold regime, 

displayed in Figure 1.11 (b), occurs when the applied gate voltage is below the 

threshold voltage of the devices. In this regime, the current is mainly governed by 

the diffusion process, which is independent of the drain voltage (Vds<<kBT/q). The 

diffusion current is a consequence of the large gradient of the charge carrier 

concentration between the source and drain contact regions, and is thus 

dependent on the gate voltage, 
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where e, kB, and T are charge constant, Boltzmann constant, and temperature, 

respectively. The ideality parameter (n*) corresponds to the density of carrier 

traps in the devices, which originates from the semiconductor/insulator interface 

and the bulk of semiconductor.[79] The subthreshold swing (SS) and the ideality 

parameter are defined as, 

 *10
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       (1.11) 
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where Csc is the capacitance of semiconductor. The Csc is related to the density of 

traps in the devices which influences the transfer characteristics of the devices in 

the subthreshold regime, where 
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 The parameter NBulk is the density of bulk traps per volume and energy, 

whereas Ntraps corresponds to the density of interface traps per area and energy 

and ϵsc is the permittivity of the semiconductor. From equation (1.13), the 

maximum density of interface traps can be estimated as, 
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From the transfer characteristics of the FET devices, the subthreshold swing SS is 

calculated from: 
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It is obvious from equation (1.14) and (1.15) that a low SS corresponds to a low 

Ntraps which corresponds to a steeper profile of the semi-log transfer 

characteristics in the subthreshold region. Conversely, a high SS indicates a high 

Ntraps which is reflected in a shallower profile of the semi-log transfer 

characteristics in the subthreshold region. 

1.4.2 Research progress on PbS QD-FETs 

 Recently, PbS QDs have shown their potential as semiconducting active 

materials for FETs.[30–42] FETs are one of the main components in several 

advanced electronic devices such as complementary metal oxide semiconductor 

(CMOS)-like integrated circuits,[80–83] current regulators for displays[84–86]  and 

themselves can be light-emitting transistors (LETs).[29,87] However, the use of PbS 

QDs in FETs is still challenging because they still suffer from low carrier mobility. 

The low carrier mobility is one of the main obstacles in understanding the charge 

transport within QD films and further utilizing PbS QDs for diverse applications. 

Therefore, improving carrier mobility in PbS QD-FETs is an important and a 

necessary task to understand the properties of QD films. 

 The origin of low carrier mobility in the devices is mostly attributed to the 

high number of charge carrier traps on the QD surfaces, formed during ligand 

exchange.[16,88] Since the charge transport in FETs takes place very close to the 

semiconductor/insulator interface, the interface traps on the insulator surfaces 

may also determine the characteristics and the performance of the devices.[89] 

These interface traps further reduce the carrier mobility in the devices.  

 Depending on the processing conditions, the stoichiometry of QDs, and 

ligands, PbS QD-FETs can display n-type, p-type, or ambipolar properties.[1,34] 

The deposition of PbS QD films is commonly performed using a layer-by-layer 
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(LbL) method.[31] The exchange of the long ligands into the shorter ones is done 

after the deposition of each oleic-acid capped film. The LbL film deposition and 

ligand exchange ensure complete removal of the native oleic-acid ligands. In 

addition, the LbL method also allows the deposition of the next PbS layer to fill 

the cracks on the films that are often produced after the ligand exchange process, 

which result in an overall shrinking of the films. Our group previously reported 

the increase of the carrier mobility with increasing the number of PbS layers, thus 

the film thickness.[31] The increase of the carrier mobility starts to saturate after 

reaching certain film thickness indicating that a crack-free film has been obtained. 

 So far, charge transport improvement in PbS QD-FETs has been obtained 

through the use of different capping ligands.[63] In fact, the nature of the capping 

ligands on the QD surfaces strongly determines the transport characteristics of 

the PbS QD-FETs.[69] Ambipolar properties can be obtained using short organic 

ligands such as 3MPA, BDT, and EDT.[31] By crosslinking PbS QDs with 3MPA, 

our group reported electron mobility as high as 0.03 cm2V-1s-1.[64] Meanwhile, the 

hole mobility (5 x 10-5 cm2V-1s-1) is much lower than the electron mobility, as has 

also been observed in the QD films treated with other organic ligands (EDT and 

BDT).[31,64] In addition, a high on-off ratio of 105 is achieved in devices employing 

SiO2 gate dielectric.[64]  

 Further efforts in improving charge transport in PbS QD-FETs were done by 

using inorganic atomic ligands.[63] These ligands have been reported to provide a 

more complete passivation against carrier traps on the QD surfaces than that with 

organic ligands.[16,63] In addition, the films capped with inorganic ligands have 

shorter inter-particle distance than those capped with organic ligands, resulting 

in a strong increase of the film conductivity.[46,90] Despite intensive works using 

inorganic ligands, the mobility in the devices (with SiO2 gate dielectric) is, 

however, still limited to 0.07 cm2V-1s-1.[63] The limited charge transport is 

attributed to the high number of traps at the semiconductor/insulator interfaces 

as mentioned earlier. Passivation of the SiO2 dangling bonds is one of important 

strategies that can be adopted to suppress the interface traps. To date, introducing 

self-assembled monolayers (SAMs) on the SiO2 surface is one of the most effective 

methods to passivate the dangling bonds.[91–93] In addition, the SAMs also 

introduce molecular dipoles on the SiO2 surface which affect the device 

properties.[91,92] However, the study of the use of SAMs in FETs has so far been 

limited to organic semiconductor active layers.[91–94] This opens a question if PbS 

QD-FETs would also benefit of the passivation of the SiO2 surface and the 

introduction of molecular dipoles through the use of SAMs. 

 Another way to minimize the interface traps in the devices is by gating the 

devices with hydroxyl-free insulators. Koh et al. reported symmetric ambipolar 

transport in PbS QD-FETs with electron and hole mobility of 0.1 cm2V-1s-1 using 

thiocyanate (SCN-) ligands employing parylene gate insulator.[33] Meanwhile, 
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with high-k dielectrics (Al2O3), Jo et al. reported a significant improvement in the 

electron mobility to 0.47 cm2V-1s-1.[73] Further improvement of the electron 

mobility in PbS QD-FETs to 2 cm2V-1s-1 was achieved by gating the devices with a 

new class of gate dielectric, namely ion gel.[31] The ion gel can accumulate high 

carrier density due to its high capacitance (1-20 μF/cm2). The high carrier density 

effectively fills the traps resulting in an increase of the film conductivity and the 

charge carrier mobility. The above mentioned research progresses clearly show 

that the properties of gate insulators strongly determine the charge transport in 

PbS QD-FETs. As there are still many promising hydroxyl-free insulators, 

investigation on the use of broad types of the insulators as gate dielectrics in PbS 

QD-FETs still needs to be addressed. Furthermore, a comprehensive study on the 

electronic structures of the carrier traps in PbS QD-FETs employing different gate 

insulators is also important to provide understanding of the charge transport in 

the QD films and to potentially improve the performance of devices. 

 Together with the use of hydroxyl-free insulators, doping of semiconductors 

is one of other effective methods to improve charge transport in FETs.[95–97] 

Stoichiometrically, the surfaces of PbS QDs are rich in Pb, which leads to the n-

type properties of the material.[34] Kagan et al reported n-type FET devices with 

the excess of Pb atoms on the QD surfaces.[34,35] Despite these dominant n-type 

properties, most literature instead reports strategies to turn them into p-type. The 

p-type doping of PbS QDs can be achieved by exposing the PbS films to air.[64] As 

mentioned earlier, the 3MPA-crosslinked devices show ambipolar properties with 

electron-dominated characteristics. As the devices are exposed to air, the devices 

display the quenching of the electron transport. Meanwhile, in the p-channel, an 

increase of the hole current by one order of magnitude and a significant threshold 

voltage shift towards positive value, indicating strong p-type doping, are displayed. 

The strong p-type transport of the air-exposed PbS QD-FETs is also observed in 

the films crosslinked with EDT ligands.[98] In line with the 3MPA-crosslinked 

films, the air exposure of the films with EDT ligands results in the increase of the 

film conductivity and hole density supporting the strong p-type doping. While the 

p-type doping is researched intensively mainly because of interest for the 

fabrication of efficient solar cells,[15,99] studies on n-type doping of PbS QDs are 

still limited. Koh et al reported the n-type doping of PbS QDs using cobaltocene 

(CoCp2) molecules.[32] Although they successfully investigated the doping effect 

via optical absorption spectroscopy, the doped-QDs show a decrease of 

conductivity as measured in FETs indicating inefficient electron doping. To 

enable an efficient n-type doping of the semiconductors, the highest occupied 

molecular orbital (HOMO) level of dopant should be shallower than the 

conduction band (CB) of the semiconductors. Finding dopant molecules with 

shallow HOMO level is, however, a challenging work. Recently, benzyl viologen 

(BV) has been reported as promising strong n-type dopant with shallow HOMO 
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level.[100,101] The BV molecules have also demonstrated efficient electron doping in 

carbon nanotube and MoS2 systems.[100,101] As the conduction band of PbS QDs 

can be tuned from shallow to deep level by using various capping ligands, doping 

of the QD films with BV donor molecules is also promising in improving charge 

transport in PbS QD-FETs. 

1.5 Experimental techniques 

 In this section, some experimental techniques related to the electrical and 

optical measurements, which are used in this thesis are presented. 

1.5.1 Electrical characteristic measurements 

 The FET electrical characteristic measurements were performed using a 

probe station inside an N2-filled glovebox at room temperature. The probe station 

is connected to an Agilent B1500A semiconductor parameter analyzer. The Ids-Vg 

transfer characteristics were measured by sweeping the gate voltage with some 

given values of source-drain voltage. Meanwhile, the Ids-Vds output characteristics 

were obtained by varying source-drain voltage with some fixed gate voltages. The 

detailed values of the applied source-drain voltage and gate voltage are provided 

in the corresponding chapters. 

1.5.2 Simulation for analysis of carrier traps 

 In principle, the trap density of states (trap DOS) in FETs can be estimated 

from equation (1.14). The equation (1.14), however, can quantify the trap DOS at 

a certain energy level in the subthreshold regime only. Meanwhile, study on the 

trap DOS in a broad energy range is important to understand charge transport in 

the FET devices. 

 In this thesis, we use a computer simulation to determine the trap DOS in 

PbS QD-FETs. The simulation quantifies the total density of trap states, which 

consists of the density of bulk and interface trap states. In PbS QD-FETs, bulk 

traps originate from the active materials whereas the interface traps come from 

the gate dielectric surface. Therefore, the presence of the interface traps 

determines the calculated total density of trap states in the devices. The computer 

simulation is based on a numerical model developed by Oberhoff et al.[102] The 

model uses the effective medium approach where it is assumed that the material 

between the source and the drain electrodes is homogeneous. Therefore, the trap 

states in the material are assumed to be homogeneously distributed over the 

whole channel region. The computer simulation works by solving drift-diffusion 

current (J) and Poisson equation, 
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where E, ρ, T, and εs are electric field, carrier density, temperature, and 

semiconductor permittivity, respectively. In the effective medium, the drift-

diffusion equation is solved self-consistently under the given boundary conditions 

(Vds, Vg, channel length L, channel width W, etc). The input parameters are all 

macroscopically measurable except the number of trap states in the band gap. The 

trap DOS is determined by fitting the simulated curves to the measured ones. As 

the only free input parameter is the density of states, the spectral distribution of 

trap states can be unambiguously determined. 

 For every step in the simulation, the number of total charge carriers is 

calculated, which directly determines the position of the Fermi level. Depending 

on the energy, charge carriers are separated into free charge carriers, residing in 

the transport level, and trapped charge carriers, energetically positioned in the 

band gap. The energy, which divides these two states is the mobility edge. When 

the gate voltage increases, the number of charge carriers is increased and 

therefore also the Fermi level shifts closer to the respective transport level. This 

changes not only the total number of charge carriers, but also the ratio of free vs. 

trapped charges and thus the electric current. This enables us to determine the 

trap DOS directly from the measured transfer curves. 

1.5.3 Optical absorption spectroscopy 

 Optical absorption spectroscopy is a technique that characterizes the 

absorption of electromagnetic radiation as a function of the wavelength. In this 

thesis, optical absorption measurements are used to characterize the excitonic 

wavelength and therefore the dimension of QDs and their level of quantum 

confinement. When a photon is absorbed by QDs, an electron is excited to a higher 

energy level. As mentioned in the previous section, charge carriers in QDs can 

only occupy certain discrete energy levels. Therefore, QDs only absorb photons 

with certain wavelengths. In PbS QDs, the measured excitonic peak in the 

absorbance spectra corresponds to the absorbed photon energy to excite an 

electron from Eh1 to Ee1, thus close to the band gap energy, as demonstrated in 

Figure 1.3. 

 Absorption spectroscopy is based on the Beer Lambert law. When light with 

initial intensity Io irradiates a material, it is partly absorbed and partly transmitted 

by the material. For a solution of QDs, the number of particles determines the 

amount of absorbed light, which is proportional to the concentration of solution c 
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and the length of light’s path Δx in the sample. The transmitted light intensity is 

written as, 
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where ε is absorption coefficient. From equation (1.18), the absorbance, A, is 

defined as, 
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 The optical absorption measurements were recorded by using a double beam 

spectrometer (Shimadzu UV-3600). The spectrometer is able to precisely 

measure transmittance or reflectance from the ultraviolet (UV) region to near the 

infrared (NIR) region. The spectrometer uses InGaAs and cooled PbS detectors 

which work in the NIR region. For the UV to visible region, the spectrometer uses 

a photomultiplier tube (PMT). As the electromagnetic sources, the spectrometer 

has two main lamps which operate in two spectral ranges namely a Deuterium 

lamp for the UV range and a Tungsten lamp for the visible and NIR regions. A 

single wavelength of the lamp spectrum is selected by a double-grating 

monochromator. 

1.6 Outline of the thesis 

 In this thesis, the study of charge carrier transport and the analysis of the 

electronic structures of carrier traps in PbS QD-FETs are reported. Our focus is to 

understand how the properties of the semiconductor and/or insulator interfaces 

and the introduction of dopant molecules on the semiconductor films can 

determine the charge carrier transport and the electronic structures of carrier 

traps in field-effect transistors. In detail: 

 In chapter 2, the effect of various self-assembled monolayer (SAM) 

treatments of the SiO2 surface on the electrical characteristics of the devices is 

investigated. The use of SAMs induces molecular dipoles on the SiO2 surface 

which control the type of doping in the devices. The threshold voltage of the 

devices was found to be proportional to the SAM doping concentration, providing 

an opportunity to tune the properties of PbS QD-FETs toward n- or p-type 

depending on the type of SAM molecules used. 

 In chapter 3, the charge transport properties in PbS QD-FETs through the 

passivation of dangling bonds on the SiO2 surface and the use of Cytop as 

hydroxyl-free gate dielectric are investigated. We found that the SiO2 surface 

passivation using hexamethyldisilazane self-assembled monolayers (HMDS 

SAMs) promotes better organization of particle assembly and reduces interface 

traps, resulting in the improvement of charge carrier mobility. We then found that 

the charge carrier mobility is further improved by one order of magnitude with 
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Cytop gating. Finally, the calculation of the trap density of states (trap DOS) using 

a computer simulation method, explains that the reduced trap DOS is a 

microscopic origin of the improved charge carrier mobility in the devices. 

 In chapter 4, the trap DOS in PbS QD-FETs employing several gate 

insulators with a wide range of dielectric constants is investigated. The trap DOS 

was found to increase with increasing the gate dielectric permittivity. In addition, 

the broadening of the trap DOS with increasing the dielectric polarization strength 

was observed. The increase and the broadening of the trap DOS originate from 

dipolar disorder which appears at strong dielectric polarization (high gate 

dielectric constant). Despite the increase of the trap DOS, we demonstrate the 

absence of negative effect of high gate dielectric permittivity on the charge carrier 

mobility at the highest applied gate voltages.  

 In chapter 5, an efficient n-type doping of PbS QD solids using benzyl 

viologen (BV) donor molecules is demonstrated. The doping strategy relies on 

combining the use of the donor molecules with the engineering of the QD energy 

level through the use of appropriate capping ligands. The BV doping enabled 

controlling the properties of PbS QD-FETs from ambipolar to heavy n-type 

allowing improving the electron mobility in the devices by one order of magnitude. 

In addition, the doping reduced the contact resistance of the devices to 0.77 kΩcm. 

The 4-terminal conductivity transistor measurements confirmed the efficient 

doping of the devices, which display electron mobility of 0.64 cm2V-1s-1 employing 

SiO2 gate dielectric.  

 Finally, in chapter 6, the effect of mechanical strain on the electron transport 

properties in PbS QD-FETs is investigated. An ion gel which is able to accumulate 

high carrier concentration was used as gate dielectric, resulting in electron 

mobility as high as 2.1 cm2V-1s-1. With the application of compressive strain, we 

observed the improvement of the electron mobility up to 45% (mobility of 3 cm2V-

1s-1) at 2% strain. The improvement of the mobility is attributed to the reduced 

inter-QD spacing due to the bending of crosslinking ligands. When strain was 

applied in the opposite direction, we observed the decrease of the electron 

mobility due to the increase of the distance between QDs. In addition, we found 

that the application of strain influences the property of the trap states in PbS QD-

FETs as indicated by the modulated threshold voltages.   
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