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1. Introduction 
 
 
 
 

In this chapter we introduce the field of colloidal quantum dot 

semiconductors and their application to the fabrication of electronic devices. 

First, the history of the semiconductors and invention of quantum dots is 

briefly described. Further, the physical phenomena determining the 

properties of isolated quantum dots and solids made of them are discussed. 

The working mechanism of field effect transistors (single and double gate) 

and of basic digital logic devices will be introduced.   
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1.1. History of semiconductors 
 

It is hard to imagine another invention that has so drastically changed the 

world as the discovery of semiconducting materials. Obviously, the history of 

semiconductors is too long and complicated, to be described in the few pages of this 

introduction, however, there are few facts that are noteworthy and have been 

fundamental in determining the current technological development.  

According to G. Bush, [1] the word semiconductor was first introduced by 

Alessandro Volta in 1782. Later in 1833, Michael Faraday found out that 

semiconducting materials, in contrast to metals, show an increase of the conductivity 

with increasing temperature. [2] After that, the research on semiconductors was for 

many years divided around two important properties: rectification of metal-

semiconducting junction and sensitivity of the semiconductors to light.  

Edwin Herbert Hall has described the effect of charge carriers’ deflection in 

solids under magnetic field. The effect was named after him and allowed more 

systematic studies of the properties of semiconductors. Soon after the discovery of the 

electron by Joseph John Thompson in 1897, Eduard Riecke and Paul Drude proposed 

their first theories of the electric conduction of metals by the assumption of an 

“electron gas” carrying the current in solids. Remarkably, in the theory of Riecke, the 

presence of both negative and positive charges with different concentrations and 

mobilities were assumed. Later, around 1908, Karl Baedeker conducted studies on the 

conductivity of copper iodide and measured the Hall effect in this material, which 

indicated carriers with positive charges. In 1914 Johan Koenigsberger proposed the 

division of solid-state materials into three groups based on the properties of the 

conductivity: metals, insulators and “variable conductors”. In 1928 Felix Bloch in his 

famous paper introduced the theory describing electron states in crystalline solids.[3] 

Shortly after, Alan Wilson published his papers on semiconductors and distinguished 

between “intrinsic” and “extrinsic” semiconductors based on the presence of dopants.  

At the beginning of the twentieth century, many scientists believed, that to work on 

semiconductors was scientific suicide, due to the low reproducibility and difficulties 

to fabricate pure intrinsic materials. However, in the middle of the twenty-century 

physics and chemistry of semiconductors became one of the most important fields in 

fundamental and applied research on condensed matter.  
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At that time, the attention of the community was mostly directed to studying 

the properties of bulk semiconductors and from that study the first transistor (1947) 

the first solar cells (1954) and first light emitting diodes (1907-1962) came. However, 

the first systematic discussion of nanotechnology is considered to be the speech of 

Richard Feynman titled ‘There’s Plenty of Room at the Bottom’ (1959), where he 

explained how physical phenomena should change their manifestation depending on 

scale. The speech went unnoticed for almost 2 decades but became highly cited 

starting from early 1990s, after the term ‘nanotechnology’ gained serious attention 

following the publication of K. Eric Drexler in 1986.[4] In his speech, instead of a 

question ‘how small can we make devices without changing the way they work’ 

Feynman posted a question ‘how small should we make devices in order to get 

fundamentally new properties’. These ‘fundamentally new properties’ include those 

arising from quantum mechanics, typically important in small systems, such as atoms.  

One of the brightest examples of exploitation of Quantum Mechanics is the synthesis 

of quantum dots (QDs), namely, nanoscale-size crystals of semiconductors. The first 

quantum dots were made by Alexey Ekimov in 1981 in a glass matrix and later 

demonstrated in a colloidal solution by Louis E. Brus in 1983. [5] The term “quantum 

dot” was coined by Mark Reed in a paper, published in 1988.[6] Quantum dots, as used 

in this thesis, are synthesized as a colloidal suspension, distinguishing them from 

other types of nanostructures, such as the epitaxially-grown QDs. 

  



- 4 - 
 

1.2. Synthesis of colloidal quantum 

dots 
 

 

Figure 1.1. a) Cartoon, depicting the stages of nucleation and growth for the 

synthesis of colloidal QDs, according to the La Mer model. b) Representation of a 

simple apparatus employed for the hot-injection synthesis of colloidal quantum dots. 

The images are adapted from ref [7]  

The basic theory explaining the synthesis of monodisperse colloidal 

nanocrystals was introduced in the classic study by La Mer and Dinegar. [8] Figure 1.1a 

demonstrates the main stages of such synthetic process. First, upon injection of the 

precursors into the reaction vessel (Figure 1.1b), the concentration of the precursors 

rises above the nucleation threshold. Then a burst of discrete nucleation events 

happens, bringing the concentration back below the threshold value. Further, the 

nuclei grow by the assembly of the precursors on the surface of the nanocrystals, 

therefore, the growth rate slows down proportionally to the concentration of the 

remaining precursors. Many systems exhibit a second growth phase, called Ostwald 

ripening. In this process, dissolution of the smaller nanocrystals takes place, and the 

material grows on the surface of larger particles. Therefore, the reduction in the 

number of the nanostructures is compensated by the average increase of their size. 

Coordinated solvents usually contain long-chained aliphatic ligands, such as oleic acid 
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(OA), which chemisorb on the surface of the nanoparticles, in order to prevent 

precipitation and ensure monodispersed growth.  

Many different semiconducting materials have been synthesized in the last 30 

years in the form of colloidal QDs. But the most common materials used nowadays 

especially for optoelectronic applications, are lead sulfide (PbS), lead selenide (PbSe), 

cadmium sulfide (CdS) and cadmium selenide (CdSe). PbS and PbSe have a small bulk 

band gap (0.41 and 0.27 eV, respectively) [9] [10] and are ideal candidates for near-

infrared light detection and harvesting near-infrared part of the solar energy 

spectrum. In this thesis, PbS QDs are used. 

PbS colloidal quantum dots can be synthesized using a variety of different 

methods. These approaches can be classified based on the synthetic strategy (for 

example, hot injection technique [11] [12], heat-up [13], or continuous flow [14]) and choice 

of precursors (e.g., PbO and bis(trimethylsilyl)sulfide (TMS-S), [11] [14] [15] PbO and 

substituted thioureas,[16] lead acetate (PbAc) and TMS-S,[17] [18] PbCl2 and elemental 

sulfur,[19] [20] PbCl2 and TMS-S, [13] or PbCl2 and thioacetamide (TAA)[21]). The most 

common approach is the hot injection root pioneered by Hines and Scholes, using  

PbO and TMS-S; although, many other methods have yielded high-quality materials 

used for fabrication of high-performance devices. As for the costs of the PbS QDs 

synthesis, the current price varies from 11 $ to 59 $ per gram depending on the 

precursors and the synthesis method, corresponding to 29-160$ per square meter of 

500nm-thick film, which is more or less the thickness of a QD-based solar cell. [22]     

 

1.3. Physical properties of colloidal 

quantum dots 
 

1.3.1. Quantum confinement and energy levels 
 

As discussed above, colloidal quantum dots are single crystalline nano-objects 

of semiconducting materials, the properties of which depend on the relation between 

their size and the exciton Bohr radius in the bulk semiconductor. The exciton Bohr 

radius describes the size of the formed electron-hole pair and is defined as  
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𝑟𝐵 =
𝜖𝑟ħ2

𝑒2
(

1

𝑚𝑒

+
1

𝑚ℎ

) (1) 

where 𝜖𝑟 is the dielectric constant of the material, 𝑚𝑒 and 𝑚ℎ are the effective masses 

of and electron and hole, respectively.  

When the size of the quantum dots is comparable with the exciton Bohr 

radius, the physical volume of the quantum dot limits the electron wavefunction, 

therefore the quantum confinement arises. In this regime, the optoelectronic 

properties of the material are strongly influenced by the size of the quantum dots. In 

a simplified model, the energy levels in such a system can be estimated using ‘particle-

in-the-box’ approximation.  

The energy levels of a particle in such a system are calculated by solving the 

Schrodinger equation  

𝑖ħ
𝜕

𝜕𝑡
Ψ(𝒓, 𝑡) = [

−ħ2

2𝑚
∇2 + 𝑉(𝒓, 𝑡)] Ψ(𝒓, 𝑡) (2) 

Where the potential energy is limited in all 3 dimensions (as a square 

potential)  

𝑉(𝒓, 𝑡) = {
0, 0 < 𝑟𝑥 , 𝑟𝑦 , 𝑟𝑧 < 𝑅

+∞, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (3) 

Where 𝑅 is the side size of the box. The solution brings the set of discrete 

energy levels 

𝐸𝑛 =
𝑛2𝜋2ħ2

2𝑚𝑅2
 (4) 

The separation between these energy levels increases proportionally to 
1

𝑅2, 

what give the size-dependent increase of the band gap of the quantum dots, evident 

from the change of the absorption spectra of the QDs when their size is varied.[11] A 

better approximation is the one using a spherical potential, similarly to the one used 

for calculating the electron energy levels of a hydrogen atom. This analogy brings the 

term ‘artificial atom’, often used when referring to quantum dots. According to Brus, 

this model (with the spherical potential) can be extended to approximate the real case 

of the quantum dots, by taking into account the addition of the exciton binding energy 
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𝐸𝑏𝑖𝑛
𝑋 , which is the Coulomb attraction energy between an electron and a hole, and the 

bulk band gap energy of the semiconducting material 𝐸𝑔
𝑏𝑢𝑙𝑘  (Figure 1.2a) to the 

confinement energy 𝐸𝑐𝑜𝑛𝑓, originated from the quantum confinement of an electron-

hole pair to the volume of the quantum dot: 

𝐸𝑔
𝑄𝐷 = 𝐸𝑔

𝑏𝑢𝑙𝑘 + 𝐸𝑏𝑖𝑛
𝑋 + 𝐸𝑐𝑜𝑛𝑓 = 

= 𝐸𝑔
𝑏𝑢𝑙𝑘 −

1.8𝑒2

4𝜋𝜖0𝜖𝑟𝑅
+

𝜋2ħ2

2𝑅2
(

1

𝑚𝑒

+
1

𝑚ℎ

) (5) 

Where 𝑅 is the size of the quantum dot, 𝑚𝑒 and 𝑚ℎ are effective masses of an 

electron and a hole, and 𝜖0 is the vacuum permittivity.  

 

Figure 1.2. a) Sketch of the continuous density of states (DOS) of electrons (blue) 

and holes (red) of a conventional 3D semiconductor, having the band-gap energy 

𝐸𝑔
𝑏𝑢𝑙𝑘. b) Sketch of the discrete DOS of a quantum dots, made from a semiconductor 

that in its bulk form will behave as in part a). The band-gap energy 𝐸𝑔
𝑄𝐷

 increases 

compared to 𝐸𝑔
𝑏𝑢𝑙𝑘. c) Absorption spectra of PbS CQDs of different sizes, synthesized 

by the Functional Inorganic Materials group of ETH Zurich.  

Eq. (5) describes the band gap of a quantum dot, or the smallest energy of the 

allowed electronic transition. The separation between higher energy levels decreases 

and the discrete levels turn into a semi-continuous band (Figure 1.2b). However, the 

absorption measurements of the real quantum dot ensembles do not allow observing 
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a sharp transition even to the first energy level (having the energy 𝐸𝑔
𝑄𝐷

) because of the 

inhomogeneity of the sizes of nanoparticles, having a finite size distribution (Figure 

1.2c) and the measurements performed at room temperature.   

Since the discovery of the CQDs, their main application has been mostly 

optical. Only relatively recently, they have become useful for electronic devices. [23] 

When assembled in a thin film, the OA ligands, surrounding CQDs, represent 

dielectric barriers of ca. 2 nm thickness, effectively making the quantum confinement 

even stronger and minimizing the possibility of electron tunneling between quantum 

dots. As a result, such a film of OA-capped CQDs possesses very low conductivity, 

making them useless as an active layer of electronic devices. However, this setback 

can be overcome by the so-called ligand exchange process, in which the bulky OA 

ligands are substituted by smaller entities. Generally, this can be done in two ways – 

in solution or in already deposited thin film. The first way is so-called phase transfer 

ligand exchange, when the colloidal QDs undergo a transfer from a nonpolar phase 

(hexane) to a polar phase (DMF). [24] In the polar phase, the CQDs inks get capped by 

small ionic ligands (such as halides, pseudohalides or carboxylates) and stabilized by 

electrostatic forces. It has been demonstrated recently that these inks can be cast in a 

device-grade thin film, without further chemical treatment. [25] [26] [27] This method 

results in a low defect density CQDs films, yielding high-performance devices; 

however, it is paired with a certain level of difficulties, such as additional labor, limited 

shell lifetime of the inks and the difficult deposition of inks based on polar solvents.  

The other more established method is the in-film ligand exchange, which is 

performed by treating already deposited OA-capped film with an appropriate (new) 

ligand solution. Exchanging the ligands normally renders the film insoluble in the 

original solvent, allowing building the film using a layer-by-layer approach. Thus, the 

film of the desired thickness is built by repeating the casting of small-thickness CQDs 

layers with subsequent ligand exchange.    
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Figure 1.3. a) Illustration of the most common ligands, used for in-film ligand 

exchange in PbS CQDs device fabrication. b) Ligand-dependent absolute energy 

level diagram of PbS CQDs film, shown in a). Dark lines show the valence band, red 

– the Fermi level, blue and green – the conduction band for absorption and transport 

processes. Bars represent the standard deviation. The images were adapted from ref 

[28] 

The most common ligands, used for in-film ligand exchange, include thiol 

compounds (benzenethiol (BT), 1,2-ethanedithiol (EDT), 1,2-benzenedithiol (1,2-

BDT), and 1,3-benzenedithiol (1,3-BDT)), tetrabutylammonium (TBA) halides (TBAI, 

TBABr, TBACl, TBAF), 3-Mercaptopropionic acid (MPA), ammonium thiocyanate 

(ASCN) and ethylenediamine (EDA) (Figure 1.3a). Depending on the chemical 

structure of the ligands, the absolute energy levels of CQDs may vary. Electric dipoles 

on the surface of CQDs can shift the energy levels up or down, depending on the dipole 

orientation. [28] It was shown, that choosing appropriate ligands, this shift can reach 

up to 0.9 eV (Figure 1.3b). 

 

1.3.2. Charge transport in colloidal quantum dot films 
 

When CQDs are deposited in a thin film, after ligand exchange, the 

interparticle distance decreases enabling the electronic communication between the 

quantum dots. Therefore, the charge transport between CQDs, and thus through the 

film, becomes possible. There are a few sources of energetic disorder, leading to some 

spread in energy of the transport states of individual quantum dots (Figure 1.4a). 
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Inhomogeneous broadening of the size distribution is one of them. For example, a 

smaller CQD possesses larger band-gap leading to the misalignment of the energy 

levels (particles i and ii in Figure 1.4a). In addition, incomplete ligand exchange or a 

presence of contaminants on a CQDs surface may dope the CQD, shifting the energy 

levels up or down (particles iii and iv in Figure 1.4a). As a result, the density of 

transport states versus energy (DOS) in CQDs films has a Gaussian distribution 

(Figure 1.4b). In contrast to a bulk crystalline semiconductor, the DOS of which is 

proportional to √𝐸, the DOS around the conducting or valence band edges of a CQDs 

film have exponential energy dependence, as the tails of Gaussian distribution (Figure 

1.4c). [29] 

 

Figure 1.4. a) Transport energy levels (blue for electron transport and red for 

holes) for a quantum dot with the average size (i), with smaller than average size 

(ii), p-doped (iii) and n-doped (iv) quantum dots of the average size. b) Illustration 

of the Gaussian distribution of the transport energy levels of a CQDs film, integrated 

over different CQDs (illustrated in a)). c) Illustration of the exponential tail of the 

Gaussian distribution of the transport energy levels from b).  

Charge transport through such a system of energy levels as in CQDs films is 

described by several hopping theories. The most distinctive difference between band-

like transport (as in crystalline semiconductors and metals) and hopping (as in 

disordered semiconductors) is that the transport is thermally activated in the last case, 

since the hopping event is a phonon-assistant process. In general, hopping 

conductance 𝛾 is commonly interpreted using the expression  

𝛾 = 𝛾0𝑒−(
𝑇0
𝑇

)
𝑝

 (6) 

Where 𝑇0 depends on the properties of the material and 𝑝 depends on the type 

of hopping. Typically for higher temperatures the nearest-neighbour hopping (NNH) 



- 11 - 
 

occurs, where 𝑝 = 1 and the energy 𝑘𝑇0 is called NNH activation energy. For lower 

temperatures, there are less phonons present in the semiconductor, therefore it is 

energetically favourable for a charge carrier to hope not to the adjacent quantum dots, 

but rather to the ones having smaller energy level separation. This mechanism is 

called variable-range hopping (VRH). There are different models, explaining the 

temperature dependence of the VRH. Mott first characterized this process and 

predicted that 𝑝 = 1/4. [30] In Mott’s VRH conduction mechanism, the electron-

electron interactions are neglected. Taking into account the long-range nature of the 

Coulomb interaction, Efros and Shklovskii (ES VRH) developed a model predicting 

𝑝 = 1/2. [31] The transition from Mott-VRH to ES-VRH can happen in the same 

material upon decreasing temperature. [32] 

 

1.4. Field-effect transistors and 

application examples 
 

1.4.1. Unipolar FETs 
 

The field-effect transistor (FET) is a tree-terminal device that can be used in 

multiple applications, ranging from signal amplification to digital logic and memory. 

The basic principle of operation is the use of the voltage between two terminals to 

control the current, flowing in the third terminal. The schematic of a FET is shown in 

Figure 1.5. The area between the source and drain electrodes, containing 

semiconducting material, is called the channel and is separated from the gate 

electrode by a layer of an insulating material. The gate electrode, the insulator layer 

and the channel form a capacitor, in which the charges are induced in the channel by 

means of the voltage, applied to the gate terminal. Thus, the conductivity of the 

channel is modulated by the gate voltage. The source electrode supplies electrons in 

the channel and the drain electrode evacuates the electrons from the channel.  

By operation mode, FETs are classified into inversion-mode FETs and 

accumulation mode FETs. For example, in n-channel inversion-mode FETs, the 

channel region is p-doped, and the source and drain regions are n-type 
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semiconductors. By applying positive gate voltage, the semiconductor at the interface 

with the gate dielectric inverts from p-type to n-type by the field effects.  The thin layer 

of the inverted region of the semiconductor is called an ‘inversion layer’. This mode is 

the most common operating mode of silicon metal-oxide-semiconductor FET 

(MOSFET). 

In accumulation mode FETs, the conduction type of the channel is the same 

as that of the source and drain electrodes. Such FET is turned on via the accumulation 

of major carriers in the active layer caused by the gate voltage. Typically, thin film 

FETs, such as PbS QDs FETs presented in this thesis,  work in the accumulation mode. 

For an n-type semiconductor, the workfunction of the electrodes should be 

aligned with the edge of the conduction band, in order to avoid the formation of the 

Schottky barrier for the electron injection and for p-type – with the edge of the valence 

band. Below we describe the FET operation for n-type semiconductor; however, the 

same principle is equally applicable for p-type by reverting the sign of the applied 

voltages.   

 

Figure 1.5. Schematic illustration of the structure and electrical connection of a 

field-effect transistor (FET)  

The standard characterization of a FET includes 2 types of measurements: 

output and transfer characteristics. In the output characteristics, the gate voltage is 

constant, and the drain current is measured as a function of the drain voltage, where 

the source contact is grounded. In the transfer characteristics, the drain current is 

measured versus the gate voltage, where the drain voltage is constant. 
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- Output characteristics 

 

Figure 1.6. a) Illustration of the output characteristics of a FET, showing the linear 

regime (i), pinch-off (ii) and saturation regime (iii). b) Channel profile in the three 

regimes illustrated in part a). 

In the output mode, when the gate voltage 𝑉𝐺  exceeds a certain value (the 

threshold voltage, 𝑉𝐺 > 𝑉𝑡ℎ), the electrons are induced in the semiconductor and the 

channel becomes conductive (Figure 1.6). The total induced charge per unit of length 

depends on the capacitance of the gate dielectric 𝐶𝑖 and the width of the channel 𝑊: 

|𝑄|

𝑢𝑛𝑖𝑡  𝑜𝑓 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔ℎ
= 𝐶𝑖𝑊(𝑉𝐺 − 𝑉𝑡ℎ ) (7) 

Applying a small drain voltage 𝑉𝐷 establishes an electric field |𝐸| =
𝑉𝐷

𝐿
 across 

the length of the channel, and the electrons drift as a response with the velocity of 

𝜇|𝐸| = 𝜇
𝑉𝐷

𝐿
, where 𝜇 is the electron mobility on the surface of the channel, adjacent to 

the gate dielectric. Therefore, the current flowing through the channel is defined as:  

𝐼𝐷 = 𝜇
𝐶𝑖𝑊

𝐿
(𝑉𝐺 − 𝑉𝑡ℎ )𝑉𝐷 (8) 

The channel behaves as an Ohmic resistor and the drain current depends 

linearly on the drain voltage, referred as a linear regime (Figure 1.6a, region (i)). It 

should be noted, that in disordered semiconductors the mobility value in eq. 8 

depends on the gate voltage due to the hopping charge transport mechanism; 

however, that dependence typically is weak and the mobility is assumed to be gate-

voltage-independent unless otherwise stated. 
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According to schematics (i) on Figure 1.6b, when the drain voltage is small, 

the potential difference between the channel and the gate electrode does not depend 

on the coordinate across the channel and the concentration of the induced charges is 

uniform. When the drain voltage increases, the mentioned potential difference drops 

closer to the drain region, therefore, fewer electrons, to participate in the current, are 

induced (Figure 1.6a region (ii), 6b schematics (ii)). That causes the increase of the 

incremental resistance of the channel with the drain voltage, with the consequent 

bending of the output curve:  

𝐼𝐷 = 𝜇
𝐶𝑖𝑊

𝐿
[(𝑉𝐺 − 𝑉𝑡ℎ )𝑉𝐷 −

1

2
𝑉𝐷

2] (9) 

When 𝑉𝐷 = (𝑉𝐺 − 𝑉𝑡ℎ ), the concentration of the electrons next to the drain 

electrode drops to zero, giving rise to the term channel pinch-off. Further increasing 

𝑉𝐷 has no effect on the drain current and thus it saturates at the value of  

𝐼𝐷 = 𝜇
𝐶𝑖𝑊

2𝐿
(𝑉𝐺 − 𝑉𝑡ℎ )2 (10) 

The FET is then said to have entered the saturation region (Figure 1.6a region 

(iii), 6b schematics (iii), and the drain voltage at which saturation occurs is denoted 

as 𝑉𝐷𝑠𝑎𝑡 = 𝑉𝐺 − 𝑉𝑡ℎ. 

- Transfer characteristics 

 

Figure 1.7. An illustration of transfer curves of a FET, showing the off-state (i), 

subthreshold regime (ii), and accumulation regime (iii). The curves are plotted for 

linear regime (curve a, red) and for saturation regime (curve b, black), in 

logarithmic (left) and linear scale (right).  
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When biased in the transfer mode (Figure 1.7), the drain voltage is held 

constant and the gate voltage varies. For 𝑉𝐺 < 𝑉𝑡ℎ, there are no electrons induced in 

the channel and the transistor is said to be in the off state (region (i)). Ideal 

semiconductor has very high resistance in this state and the drain current is limited 

by the Ohmic gate leakage through the gate dielectric, the polarisation current of the 

gate capacitor and the noise level of the equipment. When the gate voltage approaches 

the threshold voltage, the transistor enters the subthreshold region, and the drain 

current increases exponentially (region (ii)). In this regime, the large gradient of the 

charge concentration between source and drain electrodes gives rise to a diffusion 

current, independent of the drain voltage. A parameter, characterizing the 

subthreshold current of a transistor, is called subthreshold swing, or gate voltage 

needed to increase the current over a decade: 

𝑆𝑠−𝑡ℎ = ln(10)
𝑘𝑇

𝑒
𝑛∗ (11) 

Where 
𝑘𝑇

𝑒
 is the thermal voltage and 𝑛∗ is the ideality parameter, associated 

with the density of charge traps, located either at the semiconductor-insulator 

interface or in the bulk of the semiconductor. A device, characterized by low 𝑆𝑠−𝑡ℎ 

exhibits a faster transition between the off state and the on state. The minimum 

subthreshold swing of a conventional transistor is found by setting 𝑛∗  → 1 and is 

equal to 60 mV/dec at room temperature. However, in real devices, the capacitance 

of the trap states causes the increase of the 𝑆𝑠−𝑡ℎ in some cases.[33] 

When the gate voltage exceeds the threshold value, the charge carriers are 

accumulated in the channel and the drain current increases due to the contribution of 

the drift current, which is proportional to charge carrier concentration.  

Measuring transfer curves for linear and saturation regimes is a convenient 

method to determine the mobility values. When the  drain voltage 𝑉𝐷 is larger than 

𝑉𝐺 − 𝑉𝑡ℎ, the transistor is in the saturation region (curve a) and the drain current 

increase quadratically versus the gate voltage, according to the eq. (10). By 

reorganizing eq. (10) and taking a derivative, it is possible to extract the saturation 

mobility value – the charge carriers mobility, extracted from the saturation regime 

when the transfer curve is plotted as √𝐼𝐷 versus 𝑉𝐺  : 
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𝜇𝑠𝑎𝑡 =
2𝐿

𝐶𝑖𝑊
(

𝑑√𝐼𝐷

𝑑𝑉𝐺

)

2

 (12) 

When 𝑉𝐷 < 𝑉𝐺 − 𝑉𝑡ℎ, the transistor operates in the linear region (curve b) and 

the drain current depends linearly on the gate voltage (eq. (8)). The mobility, 

extracted from this region is called the linear mobility: 

𝜇𝑙𝑖𝑛 =
𝐿

𝐶𝑖𝑊

1

𝑉𝐷

𝑑𝐼𝐷

𝑑𝑉𝐺

 (13) 

Under the assumption of the constant, gate- and drain-voltage-independent 

mobility, the two methods must yield the same value; however, some discrepancy is 

often observed. Therefore, eq. (12) and (13) give a reasonable estimation of the 

mobility only when it is a slow function of the gate and/or drain voltage. Additionally, 

the influence of the contact region, typically,  can be modeled as an additional 

resistance (contact resistance 𝑅𝑐) connected in series with the channel, leading to a 

decrease of the effective drain voltage. Thus, in the linear region, the drain current is 

defined as   

𝐼𝐷 = 𝜇
𝐶𝑖𝑊

𝐿
(𝑉𝐺 − 𝑉𝑡ℎ )(𝑉𝐷 − 𝐼𝐷𝑅𝑐) (14) 

Eq. (14) can be differentiated and rearranged into  

𝑉𝐷

𝑑𝐼𝐷

𝑑𝑉𝐺

=
𝐿

𝜇𝐶𝑖𝑊
+ 𝑅𝑐𝑉𝐺  (15) 

By varying the channel length 𝐿 of the transistors and measuring the slope of 

the transfer curve in the linear regime 
𝑑𝐼𝐷

𝑑𝑉𝐺
 it is possible to fit 

𝑉𝐷
𝑑𝐼𝐷

𝑑𝑉𝐺

⁄  versus 𝐿 with the 

eq. (15) and obtain the contact-resistance-independent value of linear mobility. It 

should be noted, that eq. (15) is valid when the product 𝑅𝑐𝑉𝐺  is a slow function of the 

gate voltage 𝑉𝐺.[34] [35] 

- Photosensitive FETs 

Besides the current switching, unipolar FETs can be utilized as photosensors. 

For example, depleted metal-oxide-semiconductor (MOS) FETs (DEFETS) are used 

as radiation sensors.[36] P-type DEFET consist of a p-channel MOSFET, build on a 
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silicon bulk substrate, fully depleted by means of the applied voltage. Additionally, the 

surface of the channel region is n-type doped, to create the potential minimum for the 

electrons, where all bulk-generated electrons will drift to. In the case of applied drain 

voltage, the drain current will be modulated and this modulation can be detected by 

read-out electronics.  

The high absorption coefficient of PbS CQDs determines the potential interest 

of PbS QDs FETs for light sensing in the infrared region. In particular, PbS is 

interesting above wavelengths that are achievable in conventional silicon MOSFETs. 

A photon absorbed in a PbS QDs film creates an exciton that can be separated into 

free charges via phonon-assistant hopping process and, consequently, contribute to 

the conductivity of the channel. [37] When the transistor is in the off state, i.e. the 

channel is depleted, this contribution leads to a high ratio of the drain current under 

illumination to the drain current in dark.  

- Frequency response 

One of the most important applications of a FET is the amplification of an 

electric signal. A FET, connected as in Figure 1.5 (common source), performs as a 

current amplifier and, is characterized by very high current gain, i.e. the ratio of the 

output current (through the drain terminal) to the input current (through the gate 

terminal), because of the low current through the gate dielectric. However, since the 

gate terminal is a capacitor, the input impedance 𝑍𝑖𝑛 decreases with the frequency of 

the input signal as −
𝑗

𝑤𝐶𝑖
. The signal frequency, where the gate current is equal to the 

drain current is called the cut-off frequency 𝑓𝑇 and is the maximal frequency at which 

an individual FET can operate. From the definition, the current gain at the cut-off 

frequency is equal to one, therefore no amplification of the input current is observed: 

𝑓𝑇 =
𝜇𝑒𝑓𝑓𝑉𝐷

2𝜋𝐿(𝐿 + 𝐿𝑂𝑉)
 (16) 

Here 𝜇𝑒𝑓𝑓 is the effective saturation mobility, extracted from the slope of the 

transfer curve using eq. (12), and 𝐿𝑂𝑉  is the total overlap length between the gate 

electrode and source/drain electrodes, reflecting the parasitic capacitance. In contrast 

to the mobility value, the cut-off frequency is a broader parameter, characterizing the 

FET as an electronic component. To have a high-frequency operation, only a high 

mobility semiconductor is not enough: the leakage current through the gate dielectric 
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must be low; the channel length and the overlap length of the contacts with the gate 

electrode must be reduced to the minimum; and the transistor must be able to operate 

under high enough voltages.   

However, the decrease of the channel length brings complications, generally 

called short-channel effects. For example, when a short-channel FET is in the off state, 

the potential barrier at the drain is lowered as 𝑉𝐷 increases, resulting in an effective 

decrease of 𝑉𝑡ℎ and consequent premature switching on the device. This effect is called 

drain-induced barrier lowering (DIBL) and it leads to the increase of the off-current 

for short-channel devices. Another effects include surface scattering, velocity 

saturation, impact ionization and hot electron injection. [38] 

 

1.4.2. Double gate FETs 
 

 

Figure 1.8. Schematic illustration of the structure and electrical connection of a 

double gate FET.  

In order to reduce short-channel effects, more advanced FET geometry can be 

implemented as the double gate FET (DGFET). In classical, silicon MOSFET 

technology, the double gate geometry was introduced in a FinFET device structure, 

called to scale the devices well beyond the 0.1 µm process.[39] A general schematics of 

a double gate FET is shown in Figure 1.8. The channel of a DGFET is sandwiched in 

between gate electrodes, referred to as top and bottom gates. The common mode of 

operation is to switch both gates simultaneously in order to get higher on current, 

lower off, and obtain more rapid switching between these states. However, the other 

mode, when one of the gates is switched and the other is biased, brings additional 
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benefits. Based on eq. (7), the total charge, induced in the channel by applying the 

voltages 𝑉𝐺,𝑡𝑜𝑝 and 𝑉𝐺,𝑏𝑜𝑡𝑡𝑜𝑚 is defined as  

|𝑄| = 𝐶𝑖,𝑡𝑜𝑝𝑉𝐺,𝑡𝑜𝑝 + 𝐶𝑖,𝑏𝑜𝑡𝑡𝑜𝑚𝑉𝐺,𝑏𝑜𝑡𝑡𝑜𝑚 (20) 

At the threshold voltage, the total induced charge in a FET is equal to zero, 

which implies 𝐶𝑖,𝑡𝑜𝑝𝑉𝐺,𝑡𝑜𝑝 = −𝐶𝑖,𝑏𝑜𝑡𝑡𝑜𝑚𝑉𝑡ℎ,𝑏𝑜𝑡𝑡𝑜𝑚. Assuming that the top gate voltage is 

fixed and the bottom gate voltage is swept, the shift in the threshold voltage is given 

by 

∆𝑉𝑡ℎ,𝑏𝑜𝑡𝑡𝑜𝑚 = −
𝐶𝑖,𝑡𝑜𝑝

𝐶𝑖,𝑏𝑜𝑡𝑡𝑜𝑚

∆𝑉𝐺,𝑡𝑜𝑝 (21) 

Therefore, the shift of the threshold voltage using the auxiliary gate can bring 

additional opportunities in the circuit design. In addition, the top gate, fabricated on 

oxygen-sensitive semiconductors as PbS QDs also serves as an encapsulating layer to 

protect the active material.  

 

1.4.3. Ambipolar FETs 
 

Ambipolar (or bipolar) FETs can be made from intrinsic semiconductors, or 

in general using active layers, which allow the transport of both types of carriers. The 

ambipolar performance brings additional constraints onto the choice of source and 

drain electrodes material, which must be able to inject both electrons and holes into 

the respective energy levels of the semiconductor. Typically, when it is not possible to 

use two different metals, a good choice is a metal with workfunction lying close to the 

middle of the semiconductors band gap. However, using the same metal for both 

electrodes ultimately causes the formation of injection barriers for one or both charge 

carriers resulting in the decrease of the drain current for small drain voltages. As 

mentioned, ideally, in particular for semiconductors of a large band gap, two different 

metals should be used, but this results in a more complex device fabrication.  

For low drain voltages, the output curve of an ambipolar FET (Figure 1.9a) 

resembles the case of the unipolar one. However, when the pinch-off point is reached 

and transistor enters the saturation mode, further increase of the drain voltage form 

an inversion region in the channel. When 𝑉𝐷 ≫ (𝑉𝐺 − 𝑉𝑡ℎ ), the potential difference 
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between the channel and the gate electrode close to the drain contact is enough to 

overcome the threshold voltage for the opposite charge carriers, the inversion layer is 

formed bringing addition carriers, and the conductivity of the channel increases. 

 

Figure 1.9. a) Output characteristics of an ambipolar FET (i – linear regime, ii – 

pinch off, iii – saturation and iv - inversion). b) Transfer characteristics of an 

ambipolar FET for low drain voltage (curve i) and high drain voltage (curve ii). Blue 

parts illustrate the current through the electron channel and red parts – through the 

hole channel.  

The transfer curve of an ambipolar FET has two branches, governed by hole 

and electron channel (Figure 1.9b). For a low drain bias, when 𝑉𝐺 < 𝑉𝑡ℎ,𝑒 and 𝑉𝐺 >

𝑉𝑡ℎ,ℎ + 𝑉𝐷 (where 𝑉𝑡ℎ,𝑒 and 𝑉𝑡ℎ,ℎ are the threshold voltages for electrons and holes, 

respectively ), the transistor is in the off state, where nor electron or hole channel is 

formed. For 𝑉𝐺 > 𝑉𝑡ℎ,𝑒, the current is transported by electrons, and for 𝑉𝐺 < 𝑉𝑡ℎ,ℎ + 𝑉𝐷 

– by holes. When the drain voltage is high (𝑉𝐷 > 𝑉𝑡ℎ,𝑒 − 𝑉𝑡ℎ,ℎ) the transistor is always 

in the on state, since either one type of charge carriers or both are induced in the 

channel, depending on the gate voltage. In this case, the transfer curve has a typical 

V-shape.  

It should be noted, that for most of the electronic applications, the unipolar 

transistors are preferred. As it was described, in the ambipolar device it is difficult to 

achieve the off state for high drain voltages, what is often necessary to decrease the 

power consumption of a circuit. However, in the ambipolar device, the presence of 

electron-reach and hole-reach regions in the channel gives rise to a new application 

for transistors – light generation.  
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Currently, light-emitting devices are mostly fabricated in the form of diodes. 

For example, PbS QDs light-emitting diodes (LEDs) have been reported as an efficient 

source of near-infrared light. However, LEDs are current-driven devices, and in case 

of integration into a display, they require high-quality thin film FET backbones 

allowing high current densities. Additionally, the recombination might occur close to 

one of the contacts, which quenches the efficiency of the emission. To overcome these 

problems, additional layers can be deposited between the semiconductors and the 

contacts to ensure efficient radiative recombination of the charge carriers but also to 

improve the transport of the charge carriers to the recombination layer.  

 

Figure 1.10. Illustration of the light emission process in a light-emitting FET. 

On the contrary, light-emitting FETs (LEFETs) are potential driven devices 

that can be switched on and off by applying a voltage, what releases constraints on the 

controlling FETs. Moreover, the position of the recombination zone in LEFETs can be 

moved into the middle of the channel decreasing the influence of the contacts. Such 

channel configuration is depicted in Figure 1.10. When the recombination zone is in 

the middle of the channel, the drain current corresponds to the minimum of the curve 

(ii), shown in Figure 1.9b. In addition, combining the light generation and current 

switching function in a single device architecture would ultimately decrease the 

complexity of a display, leading to the decrease in the production costs.   

 

1.5. Digital logic inverters 
 

An inverter is a basic logical gate, implementing logical negation. The 

symbolic notation of an inverter and its simple truth table are shown in Figure 1.11. 

An inverter, or NOT-gate, is a basic building block in digital electronics. More 

sophisticated digital devices, e.g. multiplexers, decoders, and memory circuits, may 
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incorporate inverters in their design. Understanding the operation of an inverter 

could be extended over more complex gates, such as AND, OR, NAND, and others. 

 

Figure 1.11. The symbolic representation and the truth table of a logic voltage 

inverter. 

In digital logic, FETs are operated as on/off current switches by using the gate 

voltage. For an n-type FET, when the gate voltage is ‘high’, the resistivity of the 

channel drops and the transistor is considered to be in the ‘on’ state. This voltage 

usually is at, or close to, the supply voltage level 𝑉𝐷𝐷, which represents a logic 1. 

Conversely, when the gate voltage is ‘low’ (at or close to the ground voltage level), the 

channel has high resistivity thus conducting zero current, which represents a logic 0.          

 

Figure 1.12. a) Schematic structure of a unipolar inverter based of an n-type FET 

(Q) and a resistor (R). b) Voltage transfer curve of the inverter shown in a), 

indicating the regions where Q is off, in saturation and in linear regime.  

The unipolar logic family includes all the logical devices, build from FETs with 

a single conductivity type (n- or p-type FETs). A basic inverter structure in the n-type 

unipolar logic is shown in Figure 1.12a, and it includes a single FET (Q) and a resistor 

(R). A typical voltage transfer curve (VTC) of the inverter is shown in Figure 1.12b. 

When the input voltage 𝑉𝑖𝑛 is low (logic-0), the transistor Q is in the off state and the 

output voltage 𝑉𝑜𝑢𝑡 is close to 𝑉𝐷𝐷 level (logic-1) (point A in Figure 1.12b). Upon 

increase of the 𝑉𝑖𝑛, the FET turns on and operates in the saturation region (point B). 
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The conductivity of the channel increases, leading to the decrease of 𝑉𝑜𝑢𝑡. Further, 

when the FET is in the linear regime (point C) for high 𝑉𝑖𝑛 (logic-1), 𝑉𝑜𝑢𝑡 drops to its 

minimal value 𝑉𝑂𝐷, which is close to the ground voltage level (logic-0) (point D). Such 

transistor switches, however, are not perfect. Although their off-resistances are very 

high, approximating an open circuit, their on-state resistances have limited 𝑅𝑂𝑁 value. 

Thus, the minimal output voltage of the inverter can be found as  

𝑉𝑂𝐷 = 𝑉𝐷𝐷

𝑅𝑂𝑁

𝑅 + 𝑅𝑂𝑁

 (17) 

 

Figure 1.13. a) Simplified Voltage Transfer Curve of a unipolar inverter. b) 

Illustration of a voltage noise source 𝑉𝑁, coupled between the output of inverter G1 

and input of inverter G2. 

For simplicity, the transfer curve in Figure 1.12b can be approximated with 

three straight lines as depicted in Figure 1.13a. It is important to observe, that the high 

output level 𝑉𝑂𝐻  does not depend on the exact value of the input voltage 𝑉𝐼𝑁, as long 

as it does not exceed a certain value 𝑉𝐼𝐿. When  𝑉𝐼𝐿 < 𝑉𝑖𝑛 < 𝑉𝐼𝐻, the inverter enters the 

amplifying region of operation, also called the transition region. The slope of the VTS 

is an important parameter called the voltage gain 𝐺 =  
𝑑𝑉𝑜𝑢𝑡

𝑑𝑉𝑖𝑛
 which characterizes the 

steepness of the transition region, and the amplification of a small input voltage 

signal: ∆𝑉𝑜𝑢𝑡 = 𝐺 ∙ ∆𝑉𝑖𝑛. Similarly, when 𝑉𝑖𝑛 > 𝑉𝐼𝐻 the low output level 𝑉𝑂𝐿  is 

independent on 𝑉𝑖𝑛. 𝑉𝐼𝐿 and 𝑉𝐼𝐻 are important parameters of the inverter: 𝑉𝐼𝐿 is the 

maximum value of the input voltage that is interpreted by the inverter as low input 

state (logic-0); 𝑉𝐼𝐻 is the minimum value of the input voltage that is interpreted by the 

inverter as high input state (logic-1). 
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The insensitivity of the inverters output state 𝑉𝑜𝑢𝑡 to the exact value of 𝑉𝑖𝑛 is a 

great advantage that digital circuits have over analog ones. To properly quantify this 

insensitivity, let us consider the situation when the inverter G1 is driving a similar 

inverter G2, and the voltage noise source 𝑉𝑁 is coupled to the connection between them 

(Figure 1.13b). Therefore, the input voltage on G2 is 𝑉𝑖𝑛2 = 𝑉𝑜𝑢𝑡1 + 𝑉𝑁. In the case of 

𝑉𝑜𝑢𝑡1 = 𝑉𝑂𝐿 the inverter G2 is driven by the logic-0 output signal of G1, and it will 

function properly when 𝑉𝑁 < 𝑉𝐼𝐿 − 𝑉𝑂𝐿. Thus, we can say that inverter G2 has a noise 

margin for low input, 𝑁𝑀𝐿, of 

𝑁𝑀𝐿 = 𝑉𝐼𝐿 − 𝑉𝑂𝐿 (18) 

Similarly, if 𝑉𝑖𝑛2 = 𝑉𝑂𝐻, the inverter G2 will remain in low output state for 𝑉𝑁 <

𝑉𝑂𝐻 − 𝑉𝐼𝐻. We can thus state that G2 has a noise margin for high input, 𝑁𝑀𝐻, of 

𝑁𝑀𝐻 = 𝑉𝑂𝐻 − 𝑉𝐼𝐻 (19) 

At this point, the natural question arises, what constitutes an ideal VTC of an 

inverter? The answer follows directly from the discussion above. An ideal VTC is the 

one that maximizes the output voltage swing and the noise margins. The maximum 

signal swing for an inverted operated from a power supply 𝑉𝐷𝐷 is obtained when 𝑉𝑂𝐻 =

𝑉𝐷𝐷 and 𝑉𝑂𝐿 = 0. To obtain maximum noise margins, the transition region of the 

inverter must be as narrow as possible, ideally of zero width (infinite gain 𝐺), and 

occur at the midpoint of the supply voltage 𝑉𝐷𝐷, thus 𝑉𝐼𝐻 = 𝑉𝐼𝐿 =
𝑉𝐷𝐷 

2
. 

A better implementation of an inverter, bringing the VTC closer to ideal, is 

used in the complementary metal-oxide-semiconductor (CMOS-like) logic, which 

utilizes both n-type and p-type FETs. The basic CMOS-like inverter structure is shown 

in Figure 1.14a and includes 2 FETs: one, QN, with an n-channel and the other, QP, 

with a p-channel.  The typical VTC of this type of inverters is shown in Figure 1.14b. 

When the input voltage 𝑉𝑖𝑛 is logic-0, the QN is in the off state and, inversely, QP is in 

the on state. Therefore, the output voltage 𝑉𝑜𝑢𝑡 is at the 𝑉𝐷𝐷 level (logic-1). When the 

𝑉𝑖𝑛 increases, QN turns on, and, simultaneously, QP turns off, which leads to the 

transition of the output state of the inverter. Further increasing 𝑉𝑖𝑛 to the level of  𝑉𝐷𝐷 

(logic-1) drives QP to the off-state and QN to the on-state, therefore 𝑉𝑜𝑢𝑡 is at the ground 

voltage level (logic-0).  
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Figure 1.14. a) Schematic structure of a CMOS-like inverter, consisting in an 

interconnected p-channel and an n-channel FET (QP and QN). b) Typical Voltage 

Transfer Curve of the CMOS-like inverter, shown in part a), indicating the region 

where QN is off and QP is on, the transition region and the region where QN is on and 

QP is off. 

CMOS-like inverters have several advantages over unipolar inverters and 

behave close to an ideal device. The output voltage levels are 0 and 𝑉𝐷𝐷, maximizing 

the output signal swing. The noise margins are wide, taking into consideration that n-

type and p-type FETs can be designed to have symmetrical transfer characteristics.  

Since both n-type and p-type FETs are generally good off-switches, the output current 

through the inverter remains low in both ‘high’ and ‘low’ output states, that leads to 

low static power consumption. The output resistance of the inverter is low, since one 

of the FETs is in the on state independent on the output state, which makes the device 

less sensitive to the effect of noise and other disturbances. The input resistance of the 

inverter is infinite because the gate current 𝐼𝐺 → 0. Thus the inverter can drive an 

arbitrarily large number of similar inverters with no loss in signal level. 
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