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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. 
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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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2. Double Gate PbS Quantum 

Dot Field-Effect Transistors 

for tuneable electrical 

characteristics* 
 

 

In this chapter, colloidal quantum dot double gate transistors are 

introduced. A high- k ( k = 43) relaxor ferroelectric polymer is used as a 

dielectric material for the top gate in a device where the other gate is 

fabricated from SiO2. The device in double gate configuration is 

characterized by reduced hysteresis in the transfer curves measured by 

separately sweeping the voltage of the SiO2 and of the polymer gate. Gating 

with the relaxor polymer leads to mobility values of μe = 1.1 cm2V−1s−1 and μh 

= 6 × 10−3 cm2V −1s−1 that exceed those extracted from the SiO2 gating: μe = 

0.5 cm2V −1s−1 and μh = 2 × 10−3 cm2V −1s−1. Measurements under double 

gating conditions prove that the device works in a single channel mode that 

is delocalized over the whole film thickness. Double gating allows for shifting 

the threshold voltage into a desired position and also allows increasing the 

on-current of the devices 

  

                                                           
* A.G. Shulga, L. Piveteau, S.Z. Bisri,  M.V. Kovalenko, M.A. Loi, Adv. 

Electron. Mater. 2, 1500467 (2016). 
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2.1. Introduction 
 

Colloidal quantum dots (CQDs) constitute a novel class of semiconducting 

materials that have enormous potential for electronics and optoelectronics[1-3]. 

Compared to conventional semiconductors, the main advantages of CQDs arise from 

their zero dimensionality and colloidal nature. Due to the nanoscale size of the 

particles which limits the spread of the electronic wavefunctions, dramatic effects on 

the optical and charge transport properties appear. [4,5] When the particles’ size 

becomes smaller than the de Broglie wavelength, the optical band-gap increases its 

energy respect to the bulk semiconductor, with a consequent blue-shift of the 

absorption spectra. Such fascinating physical properties in combination with well-

developed, controlled and inexpensive synthesis methods has led to the investigation 

of quantum dots for potential applications in solar cells [6-8], electrodes for 

photoelectrochemical hydrogen production[9,10], light emitting diodes [11], 

photodetectors [12,13] and in field-effect transistors[14]. Among the many different 

semiconducting CQDs that have been synthesized in the last decade, one of the most 

studied families has been the Pb chalcogenides[15], because of the highly reproducible 

synthesis, their overall quality and the broad tuneability of their band-gap. The 

greatest success with CQDs solar cells has been obtained with PbS, which have 

recently reached power conversion efficiency higher than 8.5%[7,16]. Recent reports on 

multiple exciton generation have further increased the interest of the scientific 

community towards this class of materials for solar energy conversion[17-20]. 

Field-effect transistors (FETs) are commonly used device geometry to probe 

charge transport properties in CQD films. However, a number of difficulties have yet 

to be overcome in order to obtain high performing FETs. Because CQDs are capped 

with long ligands (Oleic acid (OA) or similar) during synthesis, the charge transport 

in as-cast films is strongly suppressed. To facilitate the charge transport, a ligand 

exchange is performed. During ligand exchange, bulky insulating OA ligands are 

substituted by shorter entities, such as single atoms (Cl-, I-, Br-)[21], molecular metal 

chalcogenides[22,23], thiocyanates[24], short organic molecules with one (n-

butylamine)[25] or two binding sites (3-mercaptopropionic acid (MPA))[26], 

ethanedithiol (EDT)[27] or benzene dithiol (BDT)[6] that can cross-link QDs to each 

other, forming a QD film. However, the substantial volume shrinking of the film 
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during ligand exchange often leads to crack formation, thus breaking the connection 

between quantum dots and hindering the charge transport[28]. Transport properties 

are also affected by the presence of trap states, which can be intrinsic to the synthetic 

process but can also be caused by post-synthetic treatments[29], such as imperfect 

ligand exchange and interaction with solvents used in the processing[30]. Moreover, in 

field effect transistors, the interface with the gate dielectric as well as the interaction 

with adsorbates (typically H2O/O2 redox couple[31,32]) is highly detrimental. Recently, 

several strategies to reduce the trap density were reported, including the close control 

of ambient conditions and thermal annealing[26], as well as special treatments of the 

surface of the gate dielectric[33,34] and the use of OH-free dielectrics[34].  

Another strategy to overcome problems created by the trap density is the 

simultaneous biasing of the two gates, or double gating, which can allow shifting the 

off state of the device and the threshold voltage into the desired position, as well as to 

induce more charges in the channel increasing the drain current. Existing examples 

of double gated devices reported for organic[35] and carbon nanotube transistors[36] 

have shown superior performance over single gated ones because of the controlled 

threshold voltage, increased charge induction and improved stability. However, this 

strategy has never been attempted for CQDs field effect transistors.  

Here, we present the first double gate EDT-crosslinked PbS quantum dots 

FET, which uses the high-k relaxor ferroelectric polymer poly(vinylidene fluoride – 

trifluoroethylene – 1,1-chlorofluoroethylene) (P(VDF-TrFE-CFE)) as a top gate 

dielectric material and SiO2 as a bottom gate. The electrical characteristics of the 

P(VDF-TrFE-CFE) gated devices exhibit significant variations with respect to the SiO2 

gated ones such as a reduction of the hysteresis and a smaller operational voltage. 

Moreover, using the P(VDF-TrFE-CFE) gate we improved the linear electron mobility 

by a factor of 2 (from the maximum value measured by silicon oxide gating of 0.5 

cm2V-1s-1 up to 1.1 cm2V-1s-1 achieved by P(VDF-TrFE-CFE) gating with the same active 

layer. Furthermore, using the two gates simultaneously, we demonstrate superior 

control of the threshold shift and polarity of the PbS FET by effective channel tuning. 

Effective tuning of the threshold voltage and of the conduction types from p-type to 

n-type through ambipolar behavior was obtained with no substantial variation of the 

off-current.  
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2.2. Results and discussion 
 

The deposition of PbS QDs films cross-linked by short thiol ligands by spin-

coating is often affected by poor film homogeneity and by the formation of cracks[37,38]. 

Following procedures reported in the literature[34,26], we spin-coated a layer of OA-

capped PbS and subsequently exchanged OA ligands exposing the film to an EDT 

solution in acetonitrile. Due to differences in the surface properties of SiO2 and EDT-

capped PbS, the volume shrinking occurred anisotropically, resulting in films with a 

very rough surface with dips down to the silicon oxide substrate (see Appendix, Figure 

2.A1a). This film inhomogeneity has its origin at the nanometer scale and is highly 

detrimental to the charge transport.  

In order to improve the film morphology and facilitate the charge transport 

process, we optimized the layer-by-layer spin-coating technique. As a first layer, we 

spin-coated a very thin layer of PbS with subsequent ligand exchange. The main 

purpose of this layer is to cover the substrate and thus create a scaffold that facilitates 

the further deposition of QD layers (see Appendix, Figure 2.A1b. As a second step, we 

deposited a thicker ‘filler’ layer. The final film (20 nm thick) displayed no dips or 

cracks and showed much smoother surface (see Appendix, Figure 2.A1c) with respect 

to the film deposited without a scaffold layer.  

The schematic of the fabricated PbS field-effect transistors is reported in 

Figure 2.1a. The transistor has a bottom gate bottom contact configuration, and the 

gate is a highly n-doped Si substrate with 230 nm thick layer of oxide on top of which 

gold electrodes are patterned to create interdigitated structures with a channel length 

of 20 µm and a channel width of 10mm. An example of the typical output 

characteristics, measured separately for the electron and the hole channel, are 

reported in Figure 2.1b. The transistor showed ambipolar behavior with signs of 

strong electron trapping that is reflected in a fast decay of electron saturation current 

and a large hysteresis (see Appendix, Figure 2.A4) that is typical for the SiO2/PbS 

interface. The transfer characteristics of the same transistor are reported in Figure 

2.1c. Curves displayed the typical shape of ambipolar transistors with a more 

pronounced contribution of the electron current. 
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Figure 2.1. a) Schematics of the PbS QD FET structure on SiO2/Si substrate. b) 

Output characteristics of the bottom gate bottom contact PbS FET. Only the forward 

hysteresis branch is depicted. c) Transfer characteristics of the bottom gate, bottom 

contact PbS transistor. VDS from 0.5V till 16V are displayed. 

As mentioned above, the charge trapping gives rise to ~20V hysteresis. 

Furthermore, the increase of the applied source-drain voltage resulted in a higher off-

current, as is common for ambipolar FETs. This feature, typical of ambipolar 

transistors, limits the on-off ratio of the device at VDS=2 V to about 3 x 103, which is 

higher than that previously reported for EDT cross-linked PbS FETs[14,27]. The charge 

carrier mobilities extracted for different source-drain voltage values in the linear 

regime were 0.2 cm2V-1s-1 and 2.1 x 10-3 cm2V-1s-1 for electrons and holes, respectively, 

which are the highest among any reported EDT-treated PbS films on SiO2 substrate. 
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Figure 2.2. a) Chemical structure of monomers composing the terpolymer P(VDF-

TrFE-CFE) with corresponding weight ratio. b) Electrical polarization of a plane 

capacitor using P(VDF-TrFE-CFE) and P(VDF-TrFE) as dielectric materials. c) 

AFM micrograph of the surface of a 200 nm thick film of P(VDF-TrFE-CFE) on top 

of PbS QDs layer. d) Schematic structure of the device in the double gate 

configuration. 

In order to check the influence of the morphology variations on the charge 

transfer properties of the film, we measured transistors based on a single layer of the 

same thickness of the previously reported device deposited directly on the SiO2 

surface (see Appendix, Figure 2.A3). The device exhibited mobilities µe=4 x 10-2 cm2V-

1s-1 and µh=1.6 x 10-3 cm2V-1s-1 which were one order of magnitude lower for electrons 

and 2 times lower for holes than the performance obtained with the ‘scaffold’ + ’filler’ 

layer devices. We infer from the mobilities that electrons are more sensitive to the film 

morphology than holes. As reported earlier, the limiting factor for hole mobility is the 

electronic structure of the PbS, which is influenced by the surface chemistry of the 

QDs[39]. It was also noted that by increasing the number of deposition steps, and 
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therefore the thickness of the layer, the hysteresis could be reduced and the electron 

mobility could be improved up to 0.7 cm2V-1s-1 (see Appendix, Figure 2.A5). 

Despite the remarkable properties of fluorinated ferroelectric polymers as 

gate dielectrics, until now none have been implemented in the fabrication of colloidal 

quantum dot FETs. We selected P(VDF-TrFE-CFE), which monomers are depicted in 

Figure 2.2a. In the synthesis of this terpolymer, a small amount of CFE was introduced 

in the more typical ferroelectric copolymer P(VDF-TrFE). These CFE defects interrupt 

the ferroelectric domains of P(VDF-TrFE) reducing their size and thus turning its 

behavior from normal ferroelectric to relaxor ferroelectric (Figure 2.2b). Relaxor 

ferroelectrics, as in the case of P(VDF-TrFE-CFE), are characterized by an absence of 

ferroelectric hysteresis loop and by relatively high and constant dielectric permittivity, 

the value of which can be up to 50. Moreover, this terpolymer does not contain -OH 

or other chemical groups, known to act as charge traps[34]. Recently we have 

demonstrated that in the case of high-quality QDs the effect of trapping at dielectric-

CQD film becomes relevant[6, 26, 34], in contrast to earlier reports which claimed that 

the traps in the QDs were dominating the FETs performances[40, 41].  

In capacitor geometry, P(VDF-TrFE-CFE) films are characterized by high 

resistance per unit area depending on the area analyzed; for small area devices (9 

mm2) it reaches 1010 Ωcm-2 with capacitance in the order of 170-190 nFcm-2, which is 

more than one order of magnitude higher than that of silicon dioxide. The measured 

thickness of the dielectric film was 200 nm, for an average dielectric constant value of 

about 43. It is important to underline that a variation of the dielectric constant can be 

obtained by varying the processing conditions. 

The schematic of the double gate transistor is depicted in Figure 2.2d. The 

P(VDF-TrFE-CFE) polymer is added on top of a transistor with a silicon dioxide 

bottom gate. The thickness of the PbS film (20 nm) was optimized to be thick enough 

to ensure efficient charge transport through the film and thin enough to retain the 

single-channel behavior of the double gate FET. The atomic force microscopy (AFM) 

image in Figure 2.2c shows that the P(VDF-TrFE-CFE) film deposited on top of the 

PbS film is composed of small domains with limited roughness (RRMS 1.5 nm).  
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Figure 2.3. Output characteristics measured applying the voltage bias to a) the 

SiO2 gate and to c) the P(VDF-TrFE-CFE) gate, leaving the other gate unconnected. 

Transfer characteristics measured doing the voltage sweep on b) the SiO2 gate 

(Gate, SiO2) and d) on the P(VDF-TrFE-CFE) gate (Gate, P). The grey-coloured 

curves labelled Gate, P and Gate, SiO2 are the measured gate leakage currents.  

Before utilizing the two gates simultaneously, the functionality of the P(VDF-

TrFE-CFE) gate and the SiO2 gate were tested individually. Single gate measurements 

were done separately for P(VDF-TrFE-CFE) and SiO2 gates leaving the other gate 

disconnected/floating (connecting VG,P or VG,SiO2 electrodes in Figure 2.2d. Double 

gate measurements were performed by simultaneously applying voltage sweeps to the 

two gates (connecting VG,P and VG,SiO2 electrodes). 
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The single gate output characteristics for SiO2 and the P(VDF-TrFE-CFE) gate 

are depicted in Figure 2.3a and 2.3c, respectively. Both transistors show ambipolar 

performances, proving that the fabrication of the P(VDF-TrFE-CFE) gate does not 

suppress any of the charges in the PbS film. However, in comparison with single gate 

devices, the properties of the transistor are changed significantly. The first and more 

noticeable difference is the reduced hysteresis and the appearance of a stable 

saturation current for both gates this can be ascribed to the effect of the high capacitive 

top gate and to the screening provided by the top gate electrode able to further push 

the Fermi level of the active layer filling the trap states. The second difference is the 

shift of the off-state of the device to a negative voltage (~-20 V on SiO2 gate) compared 

to the single gate device (~20 V). The Fermi level in the PbS film shifts upwards due 

to the screening caused by the presence of the top gate aluminum electrode leading to 

the shift of the threshold voltage. The third difference is that the output curves 

obtained sweeping the SiO2 gate in the double-gated transistor reaches the saturation 

regime at much lower source-drain voltage than in the single gate device. The 

application of a source-drain voltage of the order of several volts leads to a potential 

difference across the ungrounded gate electrode. Since the electrode is an 

equipotential surface, the P(VDF-TrFE-CFE) dielectric polarizes and induces a pinch-

off of the channel more efficiently than the single SiO2 gate. The electron injection 

process in the P(VDF-TrFE-CFE) gate operation (Figure 2.3c) is better than in the 

SiO2 gate operation (Figure 2.3a) as indicated by the higher linearity of the electron 

current at low source-drain voltage. 

The transfer characteristics upon single gate operation of SiO2 and P(VDF-

TrFE-CFE) gates are depicted in Figure 2.3b and 2.3d, respectively. In both figures, 

the gate leakage current is plotted as a grey-colored curve. The gate leakage current 

during P(VDF-TrFE-CFE) gate operation is significantly higher than during SiO2 gate 

operation. Most probably, this occurs because of the low mechanical resistance of the 

P(VDF-TrFE-CFE) gate to the contact tip, thus the contact tip easily penetrates the 

gate structure. However, this gate leakage current remains a few orders of magnitude 

lower than the drain current in the on-state and only about 1 nA during the off-state, 

indicating that the FET remains reliable and that the gate structure is not 

compromised. The hysteresis loop measured in the P(VDF-TrFE-CFE) gate operation 

case is narrower than the loop measured upon SiO2 gate, which indicates diminished 

charge trapping at the P(VDF-TrFE-CFE)/PbS interface with respect to SiO2/PbS.   
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Electron and hole mobility values extracted from the transfer curves are a 

fundamental figure-of-merit that can be used to compare the charge transport 

properties in the film with the two different interfaces – SiO2/PbS and PbS/P(VDF-

TrFE-CFE). The electron mobility is for SiO2 gate µe=0.5 cm2V-1s-1 and for the P(VDF-

TrFE-CFE) gate µe=1.1 cm2V-1s-1. On the other hand, the hole mobility is µh=2 x 10-3 

cm2V-1s-1 and µh=6 x 10-3 cm2V-1s-1 for SiO2 gate and for the P(VDF-TrFE-CFE) gate, 

respectively. A limited dependence of the mobility values on the source-drain voltage 

for the P(VDF-TrFE-CFE) gate operation was observed (see Appendix, Figure 2.A6). 

This limited dependency indicates the PbS/P(VDF-TrFE-CFE) interface favors the 

charge transport more than SiO2/PbS interface because of reduced charge trapping, 

in addition to the much better charge carrier injection due to the staggered bottom-

contact top-gate configuration that tends to give lower contact resistance than the co-

planar bottom-contact bottom-gate configuration.  

Multiple gate devices are considered to represent the future in the 

development of field-effect transistors because they can enhance the performance of 

the devices and extend the validity of Moore’s law for another 20 years[42]. Multiple 

gate devices may eventually provide solutions to such fundamental problems as drain 

induced barrier lowering and short channel effects. Additionally, they may help 

improving practical aspects such as lowering the operating power and the standby 

power, as well as enhancing possibilities for circuit design[43]. 

Although it represents an opportunity to increase the tuneability of the 

functioning of the transistor, the simultaneous biasing of the two gates, or double 

gating, has not yet been reported for any colloidal quantum dot FET. Double gating 

can also allow shifting the off state of the device and the threshold voltage into the 

desired position and inducing more charges in the channel, thus increasing the drain 

current. As previously mentioned, we limited the thickness of the active material to 

20 nm in order to induce a single channel that can be controlled simultaneously by 

the two gates; alternatively, in a thick film, two channels at the dielectric interface 

could be formed. In a single channel, delocalized over the whole thickness of the film, 

we expect the influence of the second gate bias should consist of a shift of the transfer 

characteristics without changing the off-current of the device. 
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Figure 2.4. a) Double gate transfer characteristics measured with the indicated 

bias steps on the P(VDF-TrFE-CFE) gate and sweeping the voltage on the SiO2 gate. 

b) Double gate transfer characteristics measured with the indicated bias steps on 

the SiO2 gate and sweeping the voltage on the P(VDF-TrFE-CFE) gate. VDS is kept 

constant at 0.1V. Only the forward hysteresis branch is plotted. c) Transfer 

characteristics are plotted versus induced charge concentration measured for the 

P(VDF-TrFE-CFE) gate, the SiO2 gate and the two gates working simultaneously. 

The reverse hysteresis branch is plotted. 

The results of double gate FET measurements are reported in Figure 2.4. The 

transfer characteristics are obtained by sweeping the voltage of the SiO2 gate (Figure 

2.4a) and of the P(VDF-TrFE-CFE) gate (Figure 2.4b), and are shifted by applying a 

bias to the opposite gate. The behavior of the transfer characteristics with its rigid shift 

is a strong indication that the device is operating in single channel regime delocalized 

over the 20 nm thickness of the film. In most of the curves, the off current remains 

lower than 1 nA; however, for negative voltage value higher than -0.5 V applied to 

P(VDF-TrFE-CFE) gate (Figure 2.4a) the off-current increases. This indicates a 

formation of parasitic hole inversion near the polymer gate, which screens the 

influence of the SiO2 gate on the channel and prevent the device to be switched into a 

proper off state[44]. The same parasitic hole inversion is observed in Figure 2.4b also 

for voltage values on the SiO2 gate lower than -30 V. The signs of parasitic electron 

inversion is more evident in the transfer curves measured sweeping the voltage of the 

polymer gate with positively biased SiO2 gate (VG,SiO2 > 0V). 

Figure 2.4a shows that applying a voltage bias to the polymer gate shifts the 

threshold voltage for ΔVG,SiO2 = 7.0 V for each ΔVG,P = 0.5 V applied. The double gate 

measurements for reversed gating in Figure 2.4b show that the voltage bias on the 
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SiO2 gate shift the threshold voltage of ΔVG,P = 0.63 V for each ΔVG,SiO2 = 10 V. The 

ratio of the voltages ΔVG,SiO2: ΔVG,P are 15.9 and 14.0 for the SiO2 gate biasing and the 

polymer gate biasing, respectively. These ratios should be equal, since the shift of the 

Fermi level induced by either of the gates should be compensated by the other gate, 

or equivalently from: ΔVG,SiO2·CG,SiO2 = ΔVG,P·CG,P, the ratio of the voltages should be 

equal to the inverted ratio of the respective capacitances of the gates. However, the 

ratio of the material capacitances of the polymer and the SiO2 gate is 12, which implies 

that the polymer gate induces more charge carriers in the channel than it should, 

based on its calculated capacitance using the dimensions of the dielectric layer in the 

device. The origin of this mismatch is to be found in the asymmetrical position of the 

source and drain electrodes with respect to the top and the bottom gates in the vertical 

plane (Figure 2.2d). The top (polymer) gate induces charges in the area of the active 

layer located above the electrodes in addition to the channel area that is also available 

for the carrier induction for the bottom (SiO2) gate. Considering that the width of the 

electrodes in the interdigitated pattern is the same (20 µm) than the channel length, 

this makes the effective channel length for the polymer gating approximately 15-30% 

higher than for the SiO2 gate. This underestimation of the channel length for the 

polymer gate should cause the same underestimation of the charge carrier mobility. 

The transfer characteristics measured for gates tied together in comparison 

with single gate characteristics are reported in Figure 2.4c. The characteristics are 

plotted versus the induced charge concentration; this is done for a better 

representation, since the gates have different capacitance and require different 

operating voltages. The reverse hysteresis branch is plotted in order to minimize the 

influence of charge trapping. The single gate characteristics were measured by 

sweeping the voltage on either of the two gates in a range chosen to induce the same 

charge carrier concentration at the boundaries. For the polymer gate, the interval is -

5..+5 V and -80..+80 V for the SiO2 gate. The values for the SiO2 gate were obtained 

by multiplying the corresponding values taken for the polymer gate by the averaged 

ratio ΔVG,SiO2: ΔVG,P previously extracted from the double gate measurements (16 for 

the particular device reported in Figure 2.4c). The double gate sweep characteristics 

were measured by sweeping the voltage simultaneously on the two gates: VG,P= -5V .. 

+5V and VG,SiO2= VG,P·16. Under double gate sweep the on current in the device 

increases as a consequence of the increased total induced charge carrier concentration 

in the film. The twofold increase of the induced charge concentration achieved by 
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double gating in comparison with single polymer gating (from 7.5 x 1012 cm-2 up to 15 

x 1012 cm-2) leads to slightly more than a two-fold increase of the current in the device 

(from 32 µA to 72 µA for VDS = 0.1 V and from 0.6 mA to 1.4 mA for VDS = 2 V). For 

low source-drain bias, the current in the linear regime achieved by SiO2 gating is 

different from double gate sweep and from polymer gating – as explained above – 

because of the asymmetrical location of the electrodes. The injection process for a 

channel induced by silicon dioxide gate is less efficient than for a channel induced by 

polymer gate, leading to a reduction of the current. For higher source-drain voltages, 

the injection problems are less noticeable and the transfer curves plotted versus 

charge concentration nearly coincide, regardless of which gate is used for the 

induction. 

 

2.3. Conclusions 
 

Our work introduces colloidal quantum dots double gate transistors. We 

utilized a high-k (k = 43) relaxor ferroelectric polymer as a dielectric material for the 

top gate in a device where the other gate is obtained with SiO2. The device in double 

gate configuration is characterized by reduced hysteresis in the transfer curves 

measured by separately sweeping the voltage of the SiO2 and of the polymer gate. 

Gating with the relaxor polymer led to mobility values of µe=1.1 cm2V-1s-1 and µh=6 x 

10-3 cm2V-1s-1 that exceed those extracted from the SiO2 gating: µe=0.5 cm2V-1s-1 and 

µh=2 x 10-3 cm2V-1s-1. The source-drain voltage required to pinch off the channel was 

reduced in the double gate device in comparison with the single gate because of the 

high capacitive top gate that pinches off the channel more effectively than the SiO2 

gate. 

Measurements under double gating conditions proved that the device work in 

a single channel mode that is delocalized over the whole film thickness. Double gating 

allows for shifting the threshold voltage into the desired position and allows as well 

increasing the on current of the devices. Therefore, CQDs can be ranked among 

materials compatible with all solution processable multiple gate technology. 
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2.4. Experimental details 
 

PbS QD synthesis. PbS quantum dots were prepared according to the 

synthetic method described by Hines et al. [45], with slight modifications. Lead acetate 

[Pb(OAc)2×3H2O, 1.5 g, 4 mmol], octadecene (50mL) and oleic acid (4.5 mL, 14 mmol) 

were dried at 120 °C under vacuum conditions for one hour. The heating mantle was 

removed and the flask was set under N2 atmosphere before swiftly injecting 

bis(trimethylsilyl) sulfide [(TMS)2S, 420 µL in 10 mL ODE]. After 3 minutes, fast 

cooling to room temperature quenches the reaction. As a product, nanocrystals with 

a diameter of 3.15 nm were obtained displaying an absorption peak at 965 nm. The 

QDs were purified three times with hexane/ethanol and once with 

chloroform/methanol as solvent/non-solvent systems. 

Fabrication of PbS QD FET on silicon oxide gate. PbS quantum dot 

field-effect transistors with SiO2 gate (Figure 2.1a) were fabricated on top of an n-

doped silicon substrate with 230 nm thermally a deposited oxide layer and 

lithographically patterned interdigitated Au electrodes. A standard procedure to clean 

SiO2 surface was followed, using acetone, isopropanol, and plasma treatment. After 

cleaning, the substrates were transferred into an N2 filled glovebox, where the active 

layer was deposited. The ‘scaffold’ layer was spin-coated at 4000 rpm from 2.5 mgml-

1 solution of OA-capped PbS quantum dots in chloroform. The ligand exchange was 

done from 1% EDT solution in acetonitrile with subsequent washing of the film with 

5-8 droplets of acetonitrile dripped on the rotating substrate. After each spin-coating 

step and ligand exchange step, the substrate was dried for 20s at 100°C on a hotplate 

to dry the solvent. The next ‘filler’ layer of PbS was spin-coated from 10 mgml-1 

solution at 1000 rpm. The total thickness of the film was 20 nm. After spin-coating, 

the devices were annealed for 25 minutes at 140°C to remove solvents and improve 

the ligand-QDs binding. 

Fabrication of P(VDF-TrFE-CFE) gate. P(VDF-TrFE-CFE) terpolymer 

was dissolved in cyclohexanone at 50 mg/ml concentration and stirred at 60° for a 

few hours. Before spin-coating, the solution was filtered through 0.45 µm filter. A 200 

nm thick film was deposited by spin-coating at 1200 rpm and then annealed at 100° 

for 60 minutes. The gate electrode was deposited by thermal evaporation of 100 nm 

of aluminum through a shadow mask. 
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FET measurements. Transistor measurements were done in a probe-

station in a nitrogen glovebox. All electrical measurements were performed with a 

Keithley semiconductor characterization system 4200-SCS. 
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Appendix 
 

 

Appendix Figure 2.A1. AFM micrographs of the thick PbS layer after EDT cross-

linking (a), the thin PbS layer after EDT cross-linking (‘scaffold’ layer) (b) and the 

‘filler’ layer deposited on top of the ‘scaffold’ layer (c). All samples are made on SiO2 

substrates. 
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Appendix Figure 2.A2. Output and transfer characteristics of the device based on 

single ‘scaffold’ layer film. 

 

Appendix Figure 2.A3. Output and transfer characteristics of the device based on 

single ‘filler’ layer film. 

 

Appendix Figure 2.A4. Output and transfer characteristics of the device based on 

‘scaffold’ + 1x‘filler’ layer film (~20 nm thick). 
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Appendix Figure 2.A5. Output and transfer characteristics of the device based on 

‘scaffold’ + 3x‘filler’ layer film (~80 nm thick). 

 

Appendix Figure 2.A6. Field dependence of the electron mobility (left) and hole 

mobility (right) for ‘scaffold’ layer (“sc”), ‘filler’ layer (“f”), ‘scaffold’ + 1x’filler’ layers 

(“sc+1f”), ‘scaffold’ + 3x’filler’ layers (“sc+3f”) in single SiO2 gate device; 

‘scaffold’+1x’filler’ layers in double gate configuration, measured for SiO2 gate (“DG, 

SiO2”) and polymer gate (“DG,P”). 
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3. An All-solution-based 

Hybrid CMOS-like Quantum 

Dot/Carbon Nanotube 

Inverter* 
 

 

The development of low-cost, flexible electronic devices is 

subordinated to the advancement in solution-based and low-temperature-

processable semiconducting materials, such as colloidal quantum dots (QDs) 

and single-walled carbon nanotubes (SWCNTs). Here we demonstrate 

excellent compatibility of QDs and SWCNTs as a complementary pair of 

semiconducting materials for the fabrication of high-performance CMOS-

like inverters. The n-type FETs based on I- capped PbS QDs (Vth= 0.2 V, 

On/Off = 105, SS-th= 114 mV/dec, µe= 0.22 cm2V-1s-1) and the p-type FETs with 

tailored parameters based on low density random network of SWCNTs (Vth= 

-0.2 V, On/Off > 105, SS-th= 63 mV/dec, µh= 0.04 cm2V-1s-1) were integrated 

on the same substrate in order to obtain high performance hybrid inverters. 

The inverters operate in the sub-1Volt range (0.9 V) and have high gain (76 

V/V), large maximum-equal-criteria noise margins (80%) and peak DC 

power consumption of 3 nW, in combination with low hysteresis (10 mV). 

  

                                                           
* A.G. Shulga, V. Derenskyi, J.M. Salazar-Rios, D.N. Dirin, M. Fritsch, M.V. 

Kovalenko, U. Scherf, M.A. Loi, Adv. Mater. 29, 1701764 (2017). 
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3.1. Introduction 
 

Solution processable electronic materials are in great demand since they can 

be applied in low-cost, flexible electronic devices and circuits. Among the materials, 

which have attracted the most attention, are single-walled carbon nanotubes 

(SWCNTs) and colloidal quantum dots (QDs).  

Over the last few years, QDs have been used to fabricate solar cells, LEDs, 

displays, near-infrared photodetectors, and microelectronic circuits.[1-10] PbS and 

CdSe QDs have been the most studied; however, their applicability in electronics is 

hampered by the difficulty in achieving unipolar p-type charge transport and high 

device stability. On the other hand, SWCNTs have been implemented in radio 

frequency identification tags, sensors, memories, and digital circuits.[11-17] In its turn, 

the continuous, stable, and reliable n-type doping of SWCNTs still remains 

challenging, limiting the performance of SWCNT-based electronics.  

Both CdSe QDs (as n-type material) and SWCNTs (as p-type material) FETs 

were reported as building blocks of unipolar logic devices (e.g. inverters).[8,10,18,19] The 

unipolar logic, in theory, features lower noise margin (that is a figure of merit of the 

stability of the logic circuit to a voltage noise) and higher power consumption in 

respect to CMOS or even ambipolar (CMOS-like) logic devices.[20,21] As a possible 

improvement on unipolar inverters, ambipolar devices based on PbS QDs or 

nanotubes FETs were reported.[9,22] However, the low band-gap in ambipolar, often 

partially-sintered PbS QDs films results in a high “off” current of the transistors, 

thereby increasing the power consumption and affecting the noise margins of the 

inverter. SWCNTs, similarly, have been utilized in doping-free ambipolar inverters.[23-

25] Various strategies have been applied to obtain n-doped SWCNTs for the fabrication 

of CMOS-like inverters.[26-31] Since reliable, stable, and tunable n-doping of SWCNTs 

still remains challenging, hybrid inverters, which combine a complementary pair of 

semiconductors as SWCNTs with an n-type material, such as MoS2, IGZO, IZO or 

ZTO, have been reported.[32-36]  Although the reported inverters operate successfully, 

their performance in terms of noise margins and power consumption leaves much to 

be desired. 
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In the case of the QDs, to the best of our knowledge, the hybrid approach for the 

fabrication of CMOS-like inverters was not attempted yet. Stable, solution-based, 

unipolar FETs with well-controlled threshold voltage, low hysteresis, and high 

mobility are in high demand for fabrication of high-noise-margins, low-voltage, and 

low-power-consumption inverters and other logic elements. 

Here we report a hybrid CMOS-like inverter, integrated on a single glass 

substrate, based on all-solution-based FETs gated with a high capacitance (157 nF·cm-

2) P(VDF-TrFE-CFE)/PMMA polymer dielectric layer. The n-type FETs are made of I- 

capped PbS QDs and show an on-off ratio of 105, a subthreshold swing of 114 mV per 

decade, a threshold voltage of 0.2 V, a hysteresis of 20 mV, and electron mobility of 

0.22 cm2V-1s-1. The p-type transistor is based on a low-density random network of 

polymer-selected semiconducting SWCNTs and features an on-off ratio of 105, a 

subthreshold swing of 63 mV per decade, a threshold voltage of -0.2 V, a hysteresis of 

20mV, and a linear mobility of 0.04 cm2V-1s-1. The CMOS-like inverter operates in 

sub-1V voltage range (power supply voltage of 0.9 V), and shows high static gain (76 

V/V), large noise margins (80%), and small hysteresis (10 mV), with the peak DC 

power consumption of 3 nW, which are the best reported values for all-solution-

processable inverters to date. 

 

3.2. Results and discussion 
 

As it was reported earlier, P(VDF-TrFE-CFE) is a good gate dielectric material 

for solution-processable FETs based on SWCNTs, QDs, and organic 

semiconductors.[37-39] Since P(VDF-TrFE-CFE) does not contain electron trapping 

groups and can encapsulate the active layer, protecting it from water and oxygen, this 

polymer is especially interesting as a gate material for n-type FETs. However, when 

P(VDF-TrFE-CFE) is used as gate dielectric several challenges appear as the difficulty 

to obtain continuous and smooth layers and the hysteresis loop in the transfer curves, 

which can be explained by its relaxor ferroelectric nature.[38] To decrease the 

hysteresis, and increase the reproducibility of the device fabrication, in this work we 

used on top of the P(VDF-TrFE-CFE) film a thin film of amorphous poly(methyl 

methacrylate) (PMMA). PMMA is a low-dielectric-constant “passive” layer in series 
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with the relaxor ferroelectric P(VDF-TrFE-CFE), thus the addition of the PMMA 

reduces the ferroelectric properties and the dielectric constant of the combined 

dielectric layer (see the discussion in Appendix, Figure 3.A1).[40]  

 

Figure 3.1. Comparison of P(VDF-TrFE-CFE) /PMMA and P(VDF-TrFE-CFE)  as 

gate dielectrics for I- capped PbS QDs FETs. a) Schematic structure of the device. b) 

Comparison of the output characteristics of I- capped FETs with P(VDF-TrFE-CFE)  

(VGS = 0..3V, ΔVGS = 1V, red curves) and P(VDF-TrFE-CFE) /PMMA (VGS = 0..5V, Δ 

VGS = 1V, black curves). The arrows indicate increasing of VGS. c) Comparison of the 

transfer characteristics of I- capped FETs with P(VDF-TrFE-CFE) (red curve) and 

P(VDF-TrFE-CFE)/PMMA (black curve) gate dielectrics with corresponding gate 

leakages (dark red and gray curves, respectively) for VDS =1V. Dotted curves 

represent the reverse hysteresis branches.  

As first the difference between P(VDF-TrFE-CFE)-only and P(VDF-TrFE-

CFE)/PMMA as gate dielectric layers in I- capped PbS QDs FETs is investigated, the 

device structure used is displayed schematically in Figure 3.1a. Almost pure n-type 

charge transport in the PbS QDs transistor is achieved, as it is demonstrated by the 

output curves shown in Figure 3.1b. This is obtained using a low-work-function metal 

such as Ag for the fabrication of source and drain electrodes, lithographically 

patterned on n++ Si/SiO2 substrate, that blocks holes and favors electron injection. 

Before deposition of the active material, the substrate is annealed in an N2 filled 

glovebox in order to desorb oxygen and water from the SiO2 surface. After depositing 

the I- capped PbS QDs film, the P(VDF-TrFE-CFE) or P(VDF-TrFE-CFE)/PMMA top 

gate was spin-coated as schematically indicated in Figure 3.1a.  
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The electron saturation current measured for the same gate voltage is higher 

for P(VDF-TrFE-CFE) -gated devices than for the P(VDF-TrFE-CFE)/PMMA-gated 

ones, due to higher gate capacitance of the first (204 nF·cm-2 (k = 46)) respect to the 

second gate (157 nF·cm-2 (k = 35)). It is also important to note that the two types of 

transistors exhibit different shifts of the threshold voltage due to the different 

ferroelectric properties of the two gates. The small hysteresis in the output curves 

displayed in Figure 3.1b (the dashed curves show the reverse voltage sweep) indicates 

a low charge trapping rate in the film and at the interfaces, which is a nontrivial 

achievement in quantum dot FETs. The different hysteresis shape indicates dissimilar 

underlying processes in P(VDF-TrFE-CFE) and P(VDF-TrFE-CFE)/PMMA-gated 

FETs; in case of P(VDF-TrFE-CFE)/PMMA, the reverse sweep current is lower than 

the forward sweep because of charge trapping, probably caused by defects formed at 

the QD surface during the ligand-exchange process, which is a frequently reported 

mechanism in PbS QDs FETs. In case of P(VDF-TrFE-CFE), the reverse current is 

higher, most probably because of the remnant polarization of the gate dielectric in the 

region close to the source/drain electrodes due to the polarization of the gate electrode 

across the channel, that overcomes the current decrease due to the charge trapping 

process. 

 This effect is even more visible in the transfer curves (Figure 3.1c). The sweep 

of the gate voltage polarizes the gate and the difference in the remnant polarization 

causes strong differences in the hysteresis magnitude and shape. For P(VDF-TrFE-

CFE)/PMMA, the hysteresis is only 0.17V, which to the best of our knowledge, is the 

smallest reported value for PbS QDs FETs; for P(VDF-TrFE-CFE) the hysteresis is 

significantly larger (2.7 V) and the reverse current is higher than the forward one, 

showing a similar behavior as in the output curves. Because of the relaxor ferroelectric 

nature of P(VDF-TrFE-CFE), the remnant polarization is not stable and decays within 

minutes resulting in a decay of the drain current after applying a gate voltage pulse to 

the FET (see Appendix, Figure 3.A2). Although the gate leakage current for P(VDF-

TrFE-CFE) (dark red curve in Figure 3.1c) is almost one order of magnitude higher 

than the leakage through P(VDF-TrFE-CFE)/PMMA (gray curve in Figure 3.1c), the 

gate leakages varies for FETs and over multiple devices providing no strong evidence 

that the P(VDF-TrFE-CFE)/PMMA insulates the gate electrode better than the 

P(VDF-TrFE-CFE). In the device configuration used in this work, the gate electrode is 

not patterned and the overlap of the gate and source/drain electrodes is quite high, 
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thus increasing the possibility of a defect leading to a direct leakage from the gate to 

the source or drain electrodes. Additionally, the contact probes can easily penetrate 

the gate electrode metal and the gate dielectric, during the measurement of the 

devices, causing a current leakage through the active layer, proportional to the applied 

source/gate voltage difference. Here it is also important to notice that the P(VDF-

TrFE-CFE)/PMMA gate encapsulates the active layer making these devices stable for 

several months in an N2-filled glovebox and for several hour exposure to air, with no 

clear change in the threshold voltage, electron mobility or on-off ratio.    

Figure 3.2. Complementary SWCNTs and I- capped PbS QDs FETs with the P(VDF-

TrFE-CFE)/PMMA gate dielectric integrated on a glass substrate. a) AFM images 

of SWCNTs random network and PbS QDs thin film (120 nm). b) Output 

characteristics of SWCNT (left) and I- capped PbS QDs (right) FETs. c) Transfer 

curves of SWCNTs (left) and I- capped PbS QDs (right) FETs in logarithmic (black) 

and linear (red) scale for VDS = 0.5V (linear regime) and 3V (saturation regime). The 

dashed lines indicate subthreshold swing, dotted curves are reverse hysteresis 

branches.   

Figure 3.2 shows the complementary pair of FETs integrated on the single 

glass substrate. After cleaning and annealing the glass substrate similarly to the 

Si/SiO2 substrate described above, the PbS QDs film was spin-coated onto one part of 

the substrate and the SWCNTs random network was deposited, using a blade coating 

technique, on the opposite part. The morphology of the two layers is shown by the 

atomic force microscopy (AFM) micrographs reported in Figure 3.2a. Subsequently, 

the P(VDF-TrFE-CFE) and PMMA polymer layers were spin-casted on the whole 

substrate and the gate electrodes were evaporated through a shadow mask. Figure 

3.2a and 3.2b show output and transfer curves of the SWCNTs FET (left) and the PbS 
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QDs FET (right), respectively. The channel geometries were selected to achieve a 

complementary pair of FETs with appropriate threshold voltages and 

linear/saturation current. The linear and the saturation electron mobilities of the PbS 

QDs film, extracted from VDS = 1V and VDS = 5V transfer curve for the FET with the 

channel length of 30 µm and the channel width of 5 mm (see Appendix, Figure 3.A4, 

3.A5, and Table 3.A1), have values of about 0.22 cm2V-1s-1. Furthermore, the contact-

resistance correction obtained analyzing transistors with channel lengths 5, 10, 20, 30 

and 40 µm confirms the above linear mobility value (Appendix Table 3.A2). This 

electron mobility, in combination with the low hysteresis, the subthreshold swing of 

114 mV/decade, the on-off ratio of 105, and the threshold voltage of 0.2 V characterize 

the P(VDF-TrFE-CFE)/PMMA gated PbS QDs FETs as a suitable n-type component 

for low cost and low voltage electronics. The off current is limited by the intrinsic 

ambipolarity and relatively low band gap of PbS QDs explaining the minor injection 

of holes in the channel even from the low-work-function electrodes. The optical 

absorbance measurements (Appendix Figure 3.A3) show that the ligand exchange and 

annealing do not cause significant sintering of I- capped PbS QDs film; therefore, the 

quantum confinement of the individual quantum dots is not compromised enabling 

high on-off ratio and low subthreshold swing.  

As mentioned, a low-density semiconducting SWCNTs random network (see 

the AFM image in Figure 3.2a, left) was deposited since the hole mobility of a high-

density network can be orders of magnitude higher than the electron mobility of PbS 

QDs.[41] Additionally, increasing the number of intertube crossings in the current 

pathway can be considered as a contact resistance that increases with the channel 

length.[42] Therefore, the correction of the mobility for the channel-length-

independent contact resistance, made for PbS QDs film, cannot be implemented for 

the SWCNTs low-density random network. Additionally, using the geometrical size of 

the channel in the calculations leads to the underestimation of the mobility: the actual 

channel width for the current pathway is strongly overestimated since the current 

pathway takes place through individual carbon nanotubes and not through the 

geometrical channel width; the actual channel length is underestimated, since the 

current pathway goes through interconnected carbon nanotubes, which is 

significantly larger than the direct distance between the patterned electrodes. Without 

any corrections, the linear and the saturation hole mobility extracted for the device 

with 10 µm channel, presented in Figure 3.2, are, 0.04 and 0.09 cm2V-1s-1, respectively. 



- 54 - 
 

The value of linear hole mobility is more than twice lower than the saturation mobility 

enforcing our assumption that the linear current has been influenced by the contact 

resistance. A minor electron current is observed in the transfer curves because of 

intrinsic nature of SWCNTs purified with the polyfluorene derivative poly(9,9-di-n-

dodecylfluorenyl-2,7-diyl) (PF-12) polymer, which for higher source-drain voltages 

affects the off-state of the FET.[43] However, for low voltage operation (VDS = 0.5 V), 

the device showed an on-off ratio higher than 105, very low subthreshold swing of 63 

mV/decade (which is only slightly higher than the theoretical limit of 60 mV/decade 

for 300 K) and a threshold voltage of -0.2 V. 

 

Figure 3.3. Hybrid CMOS-like PbS QDs/SWCNTs inverter. a) The direct (black) 

and mirrored (blue) VTC of the inverter for VDD = 0.9 V. Inset – a photograph of the 

substrate and schematic connection of the inverter. The orange square indicates 

static noise margins determined according to the maximum equal criteria principle. 

c) The current through the ”VDD” terminal (black) with an indication of the current 

through the ”VIN” terminal (gray). Dotted curves are the reverse hysteresis branches. 

Figure 3.3 shows the performance of the CMOS-like inverter based on P(VDF-

TrFE-CFE)/PMMA gated p-type SWCNTs and n-type PbS QDs FETs. The inverter was 

characterized using 6 probes, connecting the complementary pair of FETs to the 

measuring setup according to the schematics in the inset of Figure 3.3a. The voltage 

transfer curve (VTC) of the inverter, operating for VDD = 0.9V, is shown in Figure 3.3a 

for the forward (solid black curve) and reverse (dashed black curve) sweep. The static 
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gain reaches a maximum value of 76 V/V for VIN = 0.45V. For the high-output state of 

the inverter (VIN = 0 V), the output voltage is 99.77% of VDD, and for the low-output 

state (VIN = 0.9 V), it is 0.31% of VDD. The mirrored VTC (blue solid and dashed lines 

for forward and reverse hysteresis, respectively) is shown in order to illustrate the 

noise margins of 80%, determined accordingly to the “maximum equal criteria” 

principle for the forward sweep curve.[21,44] The current, measured through the power 

supply (black curve, IDD) and input (gray curve, IIN) terminals are plotted in Figure 

3.3b. The VTC hysteresis of 10mV is caused by the PbS QDs FET, which follows from 

the hysteresis shape of the current measurements. The IDD is 0.2 nA (in the high-

output state) and 25 pA (in the low-output state), which are limited respectively by 

the gate leakage current in the PbS QDs FET and by the minor electron current 

through the SWCNTs FET. The IIN is determined by the gate leakages and is ~0.1 nA 

for the high-output state (gate leakage through the SWCNTs FET) and is growing up 

to 10 nA for the low-output state (gate leakage through the PbS QDs FET). The 

maximum DC power consumption of the inverter occurs in the switching point and is 

3 nW. Therefore, to the best of our knowledge, this hybrid inverter shows the highest 

reported static gain and noise margins for transistors made with fully solution 

processable materials. 

As for reproducibility of our results, since the mobility of SWCNTs random 

network depends strongly on the density, the switching voltage (the noise margins) 

and the gain value varied slightly for different samples. FETs made from high-density 

SWCNTs network showed hole mobility of 0.9 cm2V-1s-1; however, the gate leakage 

current increased proportionally and influenced the VTC curves of the inverters. 

Although the inverters showed high performance with the noise margins up to 84% 

(for VDD = 2V) and the gain up to 220 V/V (for VDD = 3V), the steady-state power 

consumption increased because of the gate leakage and electron current for higher 

power supply voltages in the SWCNTs FETs. 

 

3.3. Conclusions 
 

In conclusion, we show that PbS QDs film and SWCNTs random network can 

be used as a complementary pair of materials for fabrication of high-performance all-
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solution-processable CMOS-like inverters, build up from high-k-polymer-gated FETs. 

The n-type FET shows an on-off ratio of 105, a subthreshold swing of 114 mV per 

decade, a threshold voltage of 0.2 V, a hysteresis of 20 mV, and electron mobility of 

0.22 cm2V-1s-1. Silver electrodes in combination with I- ligands determine an almost 

perfect unipolar n-type charge transport through PbS QDs film. A low-density 

network of SWCNTs was used in order to get complementary charge transfer 

characteristics to the n-type PbS QDs FET. The p-type SWCNTs FETs display an on-

off ratio higher than 106, a subthreshold swing of 63 mV per decade, a threshold 

voltage of -0.2 V, a hysteresis of 20mV, and a linear mobility of 0.04 cm2V-1s-1. The 

reported inverter features sub-1V operation (VDD = 0.9 V) with the highest reported 

static gain (76 V/V) and noise margins (80 %) for fully solution processable devices, 

to the best of our knowledge. It should be noted that the high-k gate dielectric P(VDF-

TrFE-CFE)/PMMA (k = 35) can be used in low-voltage, low-hysteresis FETs providing 

a gate capacitance of  157 nF·cm-2 and serves also as an encapsulating layer for air-

sensitive materials. 

As future perspective, ample room is available for further improving the 

performance, reproducibility, and fabrication process of these inverters. Firstly, using 

a patterned gate electrode would improve the frequency response of the logic device. 

Secondly, recent developments in PbS QDs inks based on solution-phase ligand 

exchange may allow switching to a single step printing technique, for which SWCNTs 

have been demonstrated to be fully compatible. [25,47,48] Furthermore, robust self-

assembly of SWCNTs was recently reported in FETs, a technique that could be used 

for the fabrication of integrated inverters with SWCNTs and PbS QDs. [49] 

 

3.4. Experimental details 
 

PbS QDs synthesis. Materials: Lead (II) acetate trihydrate 

(Pb(CH3COO)2×3H2O, ≥ 99.99%, Aldrich), bis(trimethylsilyl)sulfide (TMS2S, 

Aldrich), 1-octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%, Aldrich), ethanol 

(Fluka), hexane (Aldrich), tetrachloroethylene (TCE, 99%, Aldrich) were used as 

received. 
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3.2 nm PbS QDs were synthesized according to the method of Hines et al. with slight 

modifications.[45] Pb(CH3COO)2×3H2O (1.5 g, 4 mmol), ODE (47.2 mL) and oleic acid 

(2.8 mL) were mixed in a three-neck flask. The mixture was degassed under vacuum 

at 120°C for 1 hour. Then the temperature was adjusted to 95 °C under argon flow. 

The heating mantle was removed and solution of TMS2S (0.42 mL, 2 mmol) in 10 mL 

ODE (dried) was injected into vigorously stirring lead oleate solution. After 5 min, the 

reaction mixture was cooled down to room temperature by ice bath. QDs were washed 

three times with toluene/ethanol solvent/nonsolvent pair (1st washing: 30 mL 

hexane/120 mL ethanol; 2nd washing: 30/36; 3rd washing: 15/16), redissolved in 7 mL 

hexane and filtered through 0.2 µm PTFE filter. 

Preparation and characterization of semiconducting SWCNTs 

dispersion. HiPco SWCNTs (0.8-1.2 nm) purchased from Unidym Inc. were used as 

received. The polymer Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) PF12 was solubilized 

in toluene using a high power ultrasonicator (Misonix 3000) with cup horn bath 

(output power 69 W) for 20 minutes. Subsequently, SWCNTs were added to form the 

SWCNT:polymer dispersions with a weight ratio of 1:2 (3mg of SWNTs, 6mg of 

polymer, 15 ml of toluene). These solutions were then sonicated for 2 h at 69 W and 

16 °C.  

After ultrasonication, the dispersions were centrifuged at 30 000 rpm (109 

000g) for 1 h in an ultracentrifuge (Beckman Coulter Optima XE-90; rotor: SW55Ti) 

to remove all the remaining nanotube bundles and heavy-weight impurities. After the 

centrifugation, the highest density components precipitate at the bottom of the 

centrifugation tube, while the low-density components, including small bundles and 

individualized SWNTs wrapped by the polymer, and free polymer chains, stay in the 

upper part as supernatant. 

One extra step of ultracentrifugation was implemented to decrease the 

amount of free polymer in solution (enrichment).[46] For this purpose, the supernatant 

obtained after the first ultracentrifugation is centrifuged for 5 h at 55 000 rpm (367 

000 g). The individualized s-SWNTs are then precipitated to form a pellet and the free 

polymer is kept in the supernatant. Finally, the pellet is re-dispersed by sonication in 

toluene. 



- 58 - 
 

Deposition of I- capped PbS QDs film. Glass (for the inverters) or n++ 

Si/SiO2 (for P(VDF-TrFE-CFE) and P(VDF-TrFE-CFE)/PMMA gate dielectrics 

comparison) substrates with lithographically patterned silver electrodes were cleaned, 

after lift-off of the photoresist, with light scrubbing with soap by a latex glove, rinsing 

and sonication in water, argon plasma treatment, sonication in acetone and, 

subsequently, isopropanol. Then the substrates were annealed in N2 filled glovebox 

before the deposition of the active layer. 

Deposition of SWCNT film. Semiconducting SWCNTs were selected by 

polymer wrapping using the polyfluorene derivative poly(9,9-di-n-dodecylfluorenyl-

2,7-diyl) (PF12) in toluene using the previously reported method briefly described 

below.[43] The SWCNTs film was deposited using a blade coating technique inside N2 

filled glovebox. The substrate with previously deposited PbS QDs film covering half of 

the substrate was placed on a heated (55 °C) surface. 40 µL of a dispersion of SWCNTs 

(0.5 mg/ml) was dropped in the middle of the substrate, and excess of the solution 

was removed by a blade, located on 30 µm distance above the surface of the substrate 

and moving with the velocity of 5 mm/s. The direction of the blade is chosen in a way 

to deposit the SWCNTs random network on the half of the substrate free from the PbS 

QDs film. After completing the deposition of both materials, the substrate was 

annealed for 20 min on a hotplate (120°C) inside the glovebox. 

Deposition of P(VDF-TrFE-CFE)  and P(VDF-TrFE-CFE) /PMMA. 

The P(VDF-TrFE-CFE) thin film (~200 nm) was fabricated from a 50 mg/mL P(VDF-

TrFE-CFE), VDF:TrFE:CFE = 62.6:29.4:8 solution in cyclohexanone via a two-step 

spin-coating process. First with the closed spin coater lid at 1400 rpm, with an 

acceleration of 1000 rpm/s for 90s, followed by an open lid step at 1000 rpm with an 

acceleration of 1000 rpm/s for 45s. The substrate was then annealed at 120 °C for 20 

min to dry the residual cyclohexanone. 

For P(VDF-TrFE-CFE) /PMMA film, the PMMA film (~10 nm) was spin-

coated (closed lid: 3000 rpm, 3000 rpm/s, 20s) on top of P(VDF-TrFE-CFE) from a 

6mg/ml PMMA solution in chloroform. 
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Appendix 
 

P(VDF-TrFE-CFE)/PMMA dielectric characterization. Appendix Fig. 

3A.1 shows the dielectric and ferroelectric properties of capacitors based on a pure 

P(VDF-TrFE-CFE) thin film and capacitors based on a P(VDF-TrFE-CFE)/PMMA 

thin film. For both capacitors, spin-coating parameters of P(VDF-TrFE-CFE) solution 

in cyclohexanone were chosen to obtain a film thickness of 200 nm. For the P(VDF-

TrFE-CFE)/PMMA capacitor, a thin layer of PMMA (~10 nm) was spin-casted on top 

of the P(VDF-TrFE-CFE) film using chloroform as an orthogonal solvent to prevent 

removal of the P(VDF-TrFE-CFE) layer. The AFM micrographs, depicted in Figure 

3.A1a, show no significant difference between the surfaces of the P(VDF-TrFE-CFE) 

and P(VDF-TrFE-CFE)/PMMA, suggesting that PMMA covers the surface of P(VDF-

TrFE-CFE) as a homogeneous thin layer. Thickness measurements done with a 

Dektak profilometer show that the thickness of the P(VDF-TrFE-CFE)/PMMA film is 

~200 nm, which is close to the thickness of the pure t-CFE film. However, Figure 

3.A1b shows the reduction of the ferroelectric polarization in the P(VDF-TrFE-

CFE)/PMMA compared to the P(VDF-TrFE-CFE) film. The slope of the ferroelectric 

polarization loop (which is equal to the switching current, see inset) is reduced by the 

PMMA layer which gives a “tilted” ferroelectric polarization loop. The shape of the 

polarization loops suggests relaxor ferroelectric nature in both films with a fairly low 

coercive field.  

The impedance spectroscopy (Figure 3.A1c) shows imperfect capacitor 

behavior of both t-CFE and t-CFE/PMMA films with the capacitance values increasing 

while decreasing the frequency of the test signal, when described as a parallel 

connection of an ideal capacitor and an Ohmic resistor. Therefore, the impedance data 

were more precisely modeled by a constant phase element (CPE) with the impedance 

defined by equation (1), where Q represents the differential capacitance in the case 

where α=1. 

𝑍 =
1

𝑄(𝑖𝜔)𝛼
(1) 

The experimental data show very good insulating properties of both films (the 

formation of semicircles in the Nyquist plot, indicating the presence of a parallel 
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Ohmic resistor, was not observed for the test signal with the frequency down to ν = 

0.1 Hz). The extracted α-values (in the frequency ranges indicated in Fig. S1C) for both 

films are close to the unity (0.977 for the  t-CFE, and 0.982 for the t-CFE/PMMA) that 

justifies the assumption that the Q values are the real differential capacitances of the 

devices. Therefore, for the t-CFE film, the capacitance is 204 nF·cm-2 (k = 46), and for 

the t-CFE/PMMA film it is 157 nF·cm-2 (k = 35), thus decreasing the total capacitance 

by 23% upon deposition of PMMA. However, it should be noted that some deviation 

from CPE behavior was observed outside of the frequency ranges used for 

interpolation. For high frequencies, the parasitic inductivity of the connection probes 

and cables of the setup may play a role causing the deviation for both films. For low 

frequencies, in case of the t-CFE film, the capacitance increases even further 

indicating the decrease of the α with the frequency. The possible explanation is 

emerging of another process such as the dipoles reorientation a response to the test 

signal, which is suppressed by the presence of the PMMA layer.  

 

Appendix Figure 3.A1. Dielectric properties of the P(VDF-TrFE-CFE)/PMMA and 

P(VDF-TrFE-CFE)  thin film capacitors. a)  AFM micrographs of the surfaces of the 

the P(VDF-TrFE-CFE)/PMMA (left) and P(VDF-TrFE-CFE)  (right). b) Ferroelectric 

hysteresis loops of P(VDF-TrFE-CFE)/PMMA (black) and P(VDF-TrFE-CFE)  (red). 

Inset – polarization switching current. c) Impedance measurements of P(VDF-

TrFE-CFE)/PMMA (black) and P(VDF-TrFE-CFE)  (red) capacitors (circles) with 

fitting using CPE model (solid lines) in 5 Hz – 2.5 kHz (P(VDF-TrFE-CFE) ) and 0.1 

Hz – 1 kHz (P(VDF-TrFE-CFE)/PMMA) frequency ranges. Inset –Nyquist plots.  
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Appendix Figure 3.A2. Decay of the drain current of t-CFE gated FET after 

applying the gate voltage pulse for VDS = 0.2 V. 
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Appendix Figure 3.A3. Optical absorbance of OA-capped PbS film (black curve) 

and I- capped PbS (red curve). 
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Appendix Figure 3.A4. Transfer curves of t-CFE gated PbS FETs with different 

channel length (5,10,20,30,40 µm) used for correction the linear mobility for contact 

resistance for VDS = 0.5V (a), VDS = 1V (b) and VDS = 2V (c) in logarithmic (dark 

curves) and linear (red curves) scale. 
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Appendix Figure 3.A5. Transfer curves of t-CFE gated PbS FETs.  a) Transfer 

curves of t-CFE gated PbS FETs with different channel length (5,10,20,30,40 µm) 

used for extraction of the saturation mobility (VDS = 5V) in logarithmic (dark curves) 

and linear (red curves) scale. b) The plot of the square root of the ID used for linear 

interpolation for the saturation mobility extraction. 
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L, µm µe, lin,cm2V-1s-1 µe, sat,cm2V-1s-1 

VDS = 0.5V VDS = 1V VDS = 2V 

5 0.18 0.19 0.20 0.21 

10 0.15 0.18 0.20 0.2 

20 0.20 0.21 0.22 0.22 

30 0.20 0.22 0.22 0.23 

40 0.19 0.21 0.22 0.22 

 

Appendix Table 3.A1. Linear and saturation electron mobility of I- capped PbS 

FETs with different channel length. 

VDS,V µe CR,cm2V-1s-1 RC·(VGS-VT), kΩ·V 

0.5 0.19 9.9 

1 0.21 8.0 

2 0.22 5.3 

 

Appendix Table 3.A2. Linear and electron mobility after the correction for 

contact resistance and RC·(VGS-VT) of I- capped PbS FETs for different VDS.  The 

correction was made using  the relationship ID = µe CRCOXWL-1(VGS-VT)(VDS-IDRC) and 

the curves shown in Fig. 3.A3. 
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4. Electroluminescence 

Generation in PbS Quantum 

Dot Light Emitting Field 

Effect Transistors with Solid 

State Gating* 
 

 

The application of light emitting field effect transistors (LEFET) is an 

elegant way of combining electrical switching and light emission in a single 

device architecture instead of two. This allows for a higher degree of 

miniaturization and integration in future optoelectronic applications. Here, 

we report on a LEFET based on lead sulfide quantum dots processed from 

solution. Our device shows state-of-the-art electronic behavior and emits 

near-infrared photons with a quantum yield exceeding 1% when cooled. We 

furthermore show how LEFETs can be used to simultaneously characterize 

the optical and electrical material properties on the same device and use this 

benefit to investigate the charge transport through the quantum dot film. 

  

                                                           
* A.G. Shulga, S. Kahmann, D.N. Dirin, A. Graf, J. Zaumseil, M.V. Kovalenko, M.A. 

Loi, ACS Nano 12, 12805–12813 (2018). 
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4.1. Introduction 
 

Colloidal quantum dots (CQDs), deposited as a thin film, are a novel 

semiconducting material with attractive optical and electronic properties and have 

been used in a variety of devices including solar cells, light-emitting diodes (LEDs), 

photodiodes, field-effect transistors (FETs) and microelectronic circuits. [1-6] Among 

the large variety of semiconducting CQDs which have been synthesized over the last 

years, especially lead chalcogenides, such as PbS and PbSe,  CQDs received large 

attention because of their easy synthesis, high material quality, and consequent large 

success as an active layer of different optoelectronic devices. [7-9] In particular, Pb-

based compounds have been dominating the research activities in CQD solar cells, 

given their large band-gap tunability and good transport properties. [10-15] Solar cell 

power conversion efficiencies above 11% were reported, showing the success of a large 

number of research activities devoted to the improvement of the CQDs surface 

passivation [16] as well as the device structure. [1] Besides the large interest in solar cells 

and photodetectors based on CQDs, their broadly tunable optical properties and the 

good transport properties allow for the fabrication of different types of optoelectronic 

devices, where light emission in the NIR is required.[17] NIR light sources, especially 

when they can be made of nanometer size, can have applications in very different 

fields, e.g. the biomedical one or Visible Light Communications (VLC). [18, 19] 

A less explored optoelectronic device is the so-called light emitting field-effect 

transistor (LEFET), which simultaneously allows for current switching and 

electroluminescence generation, potentially capable to take the roles of both LEDs 

and FETs in microelectronic circuits. [20,21] Typically, LEFETs are based on ambipolar 

FETs, where the source and the drain electrodes are able to inject both electrons and 

holes, into the transport energy levels of the semiconducting material. There are 

numerous reports of LEFETs made from organic materials or carbon nanotubes, [22-

26] however, only electrolyte-gated LEFETs made from CQDs (QDLEFET) and an 

example of CQD-based hybrid LED/LEFETs have been reported recently. [27-29] 

Despite showing great performance in various devices, CQDs solids require 

additional studies addressing challenges associated with the nature of the material. 

Due to their large surface to volume ratio, charge transport in Pb-based CQD FETs is 

influenced by the CQDs synthesis strategies, device fabrication conditions, the 
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stoichiometry of the surface and the nature of the ligands. [14, 30-33] For example, 

electron transport through a CQDs film can be affected by electron-trapping from 

oxygen or water adsorbates, deposited during or after film casting. [30] The imbalanced 

stoichiometry of the surface of individual CQDs can strongly affect the carrier 

mobility. [31,34] Additionally, the nature of the ligands in the CQDs film can shift their 

energy levels, affect charge carrier mobility and introduce additional charge traps 

deteriorating the transport. [4] [35]  

Important information on the trap states and transport mechanism, in 

general, can be obtained with low-temperature studies. [36-38] CQDs films typically 

exhibit a phonon-assisted hopping transport, that is expected to become band-like in 

highly coupled CQDs solids. [37, 39-41] Furthermore, phonon-assisted dissociation of 

excitons was reported to dominate the temperature dependent photoluminescence of 

coupled PbS CQD films.[42] Trap states have been also reported to influence the 

photoluminescence emission of these materials in particular at low temperature due 

to their shallow nature. [43-46] Trap-state fingerprints have furthermore been identified 

in the mid-infrared spectral region in a recent photoinduced absorption study. [33] The 

fabrication of CQD-based LEFETs thus not only serves as a demonstration of a very 

interesting optoelectronic device, but also provides a powerful platform to study the 

transport and material properties of the active layer. 

Here we show the first solid-gated purely quantum dot-based LEFET 

(QDLEFET), made from widely used tetrabutylammonium iodide (TBAI)-treated PbS 

CQDs. Infrared electroluminescence with a quantum efficiency above 1% is obtained 

for temperatures below 100 K. This external quantum efficiency is ca. 4 orders of 

magnitude higher than the one at room temperature. A combination of low-

temperature charge transport and electroluminescence generation measurements 

allows us to determine the presence of hole trap states on the CQDs. Furthermore, we 

show that measurements of the QDLEFET conductivity are well fitted by a 2D Mott 

variable range hopping transport for electrons, and show a more complex behavior of 

the hole conductivity, influenced by thermal activation of the hole trapping states.  
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4.2. Results and discussion 
 

The schematic structure of a QDLEFET is shown in Figure 4.1a. CQD films 

were deposited on top of borosilicate glass substrates with pre-patterned gold 

electrodes, to fabricate FETs in bottom contact/top gate configuration. The CQD films 

were deposited by spin-casting using a layer-by-layer technique with subsequent 

ligand exchange from the native oleic acid (OA) to TBAI, which is one of the most 

widely used ligands for fabrication of PbS optoelectronic devices. [1,5,14] A thin layer 

of PMMA was subsequently spin-coated on top of the CQD film, before growing by 

atomic layer deposition (ALD) of an aluminum oxide layer. Both layers together form 

the gate dielectric. The use of PMMA decreases the achievable gate capacitance, but 

prevents interaction between the active layer and the chemically active aluminum 

precursor during the ALD process. To complete the device, a gold top gate electrode 

was evaporated through a shadow mask. After fabrication, the devices were annealed 

to improve the charge transport of the CQD films. The device design allowed for 

measuring both photoluminescence and electroluminescence from the same CQD 

film. 

An overview of the spectral characteristics of the employed CQDs is given in 

Figure 4.1b. The absorption peak for OA capped CQDs in hexane is found at 1.53 eV 

(809 nm), corresponding to a diameter of the QDs of approximately 2.75 nm.[47] The 

photoluminescence is shifted down to 1.26 eV (985 nm), thus showing the large Stokes 

shift typical for such small CQDs of this material. The origin of this Stokes shift still 

remains debated in the literature and is often attributed to the aggregations of the 

CQDs.[48] Cast as a TBAI-treated film after annealing, the CQDs exhibit their 

maximum PL at an even lower energy of 0.84 eV (1480 nm), as a consequence of the 

decreased confinement of the carrier wavefunction.[49] The EL, measured from the 

QDLEFET, almost overlaps with the PL spectrum. The absorbance spectrum 

demonstrates the first excitonic peak with a broad absorption shoulder in the infrared 

region, presumably caused by trap states, distributed in the band gap. 

In the following, we shall discuss the device characteristics at room 

temperature (RT), after which we shall consider the behavior upon temperature 

variation to elucidate the working mechanisms of the fabricated QDLEFETs. 
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Figure 4.1. QDLEFET device schematics (a) and electroluminescence generation 

properties. b) Absorbance and photoluminescence spectra (red and violet curves) of 

an OA- capped PbS CQDs solution, along with the absorbance, photoluminescence 

and electroluminescence spectra (green, blue and yellow curves, respectively) of a 

TBAI-treated PbS thin film. c) Images of the LEFET channel for the gate voltage of -

3 V(top) and 4 V (bottom). d) The position of the recombination area inside the 

channel as a function of the gate voltage with the width of the Lorentzian peak (red 

area). e) Drain current of the LEFET and correspondent electroluminescence power 

versus the gate voltage. f) Peak energy of the Gaussian-fitted electroluminescence 

peak and EQE versus gate voltage. 



- 72 - 
 

Figure 4.1c shows two NIR optical micrographs of the electroluminescence 

between the source and drain electrode of our devices for the cases of a gate voltage 

(VGS) of -3 V (top) and +4 V (bottom). In the former case, the maximum emission 

intensity lies closer to the source, while in the latter case it lies closer to the drain 

electrode. Changing the gate voltage thus shifts the zone of electron-hole 

recombination between the electrodes through the center of the channel. This 

demonstrates that in QDLEFETs we can exploit the main advantages of LEFETs 

compared to LEDs, i.e. the spatial control of the recombination zone and ability to 

move it away from the electrodes to increase the EL efficiency.[50] To map this behavior 

in more details, we plotted the position of the maximum EL (blue circles) and its full 

width at half maximum (red squares) as a function of the gate voltage in Figure 4.1d 

(VDS=16 V). The QDLEFET drain current is shown in Figure 4.1e as a function of the 

gate voltage (transfer curve). When biased in saturation mode (large VDS), the 

QDLEFET shows asymmetric ambipolar characteristics, with the conductivity of the 

electron channel exceeding the hole conductivity. The emitted electroluminescence 

was detected with a calibrated photodiode and is also included in Figure 4.1e. Due to 

the large difference in the conductivity for electrons and holes, the maximum of the 

detected EL power is observed for positive gate voltages of approximately 1 to 5 V (for 

VDS from 8 to 14 V) and increases with the VDS due to a higher (drain) current injection. 

These bias values correspond to the case where the recombination zone is already 

close to the drain electrode. At a larger gate voltage, the photocurrent decreases 

despite an increasing drain current. This effect is due to both the increase of electrode 

mediated non-radiative exciton recombination and the extraction of electrons at the 

drain electrode. However, as expected, the maximum values of the EL external 

quantum efficiency (EQE), i.e. the number of emitted photons per transported 

electron, is observed for the case where the recombination zone lies in the center of 

the channel (Figure 4.1f and 4.1d). The absolute value of the EQE (up to 1.3∙10-5) 

increases with the applied drain voltage, presumably due to the filling of trap states in 

the channel. [24, 51] 

The shape of the EL spectrum of the fabricated QDLEFETs varies slightly 

from sample to sample, and in most cases can be fitted with a single Gaussian peak. 

The fitted peak photon energy reaches a minimum of 837 meV for low or negative gate 

voltages (Figure 4.1f), but upon increasing VGS, the EL maximum shifts by 14 meV to 

851 meV, while being hardly affected by the VDS. This trend nicely follows the behavior 
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of the drain current, as shown in Figure 4.1e and we, therefore, ascribe it to state filling 

due to a higher carrier concentration in the channel. 

 

Figure 4.2. Output (a) and transfer (b) curves of a QDLEFET, the hysteresis is 

reported for the curves with the forward and the backward scan illustrated by 

continuous and dashed curves, respectively. The output curves (a) for the hole 

channel are plotted in the left and for the electron channel in the right plot. The 

transfer curves (b) are plotted in exponential (left axis, blue curve) and linear (right 

axis, orange curve) scale for hole channel (left plot) and electron channel (right plot). 

Besides the high electroluminescence quantum efficiency, for being a viable 

technology, QDLEFETs have to enable electrical switching like conventional FETs. 

The switching properties of our devices are characterized by the output and transfer 

curve reported in Figure 4.2a and 4.2b, respectively. The dashed lines in the figure are 

the backward scans, which for negative gate voltages are substantially different from 

the forward scan (continuous line) – indicating a large hysteresis, as often reported 

for QD FETs. [4,36, 52-54] The negligible hysteresis for electron accumulation (right plot) 

opposite to the marked effect in the hole channel (left plot) indicates the presence of 

hole-trapping states within the band gap of the CQDs, while electron-trapping states 

are shallow and cannot be distinguished from the transport states. It should be noted 

that this non-symmetric hysteresis in QD FETs has been reported previously by our 

group and other researchers. [5, 27, 31, 54] The commonly accepted explanation of the 

hysteresis is the presence of charge traps, which can be induced by the fabrication 

process, can be located at the dielectric/semiconductor interface or can be within the 

semiconducting active layer. [30, 55] In our case, the samples are fabricated in inert 

atmosphere to avoid contact with environmental molecules known to be effective 

electron traps (vide infra), also the dielectric layer, in this case, composed of PMMA 

and Al2O3, has a less harmful effect (lower interfacial trap density) than oxides such 
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as the most common SiO2. Additionally, the top gate structure serves as an 

encapsulating layer, ensuring high air stability of the devices. We, therefore, assume 

that the traps here predominantly originate from the active material. The nature of 

such trap states in CQDs was discussed in several reports and the suggestions include 

a non-ideal surface stoichiometry, uncoordinated dangling bonds, or adsorbates.[33, 34, 

56, 57] 

The extracted linear electron mobility has the value of 0.06 cm2V-1s-1 and 

exhibits a correlation with the gate voltage – in good agreement with the hopping 

electron transport model through an exponential tail of the density of states.  [38] The 

large hysteresis of the transfer curves for the hole channel, on the other hand, obscures 

the hole transport properties and prevents the extraction of meaningful values of the 

hole mobility. In n-channel operation, the QDLEFET shows an on-off ratio greater 

than 104 and the switching properties of the transistor could be further improved by 

inserting hole-blocking contacts, for example. However, it is important to underline 

that the transport performance of these transistors are close to state-of-the-art PbS 

CQDs devices, reported recently by one of our groups. [5] 

 

Figure 4.3. Temperature dependence of the drain current (a) and of the EL EQE 

(b) versus gate voltage. Measurements were taken for VDS = 18 V. The overall drain 

current decreases at lower temperatures, while the EL EQE increases by four orders 

of magnitude. 

To acquire deeper insights into the charge transport and a better 

understanding of the reasons for the relatively low EL EQE values, we furthermore 

studied the device properties at low temperatures. 
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The temperature dependence of the transfer curves of the QDLEFET, 

measured in saturation mode, and the corresponding EL EQE values are shown in 

Figure 4.3a and 4.3b, respectively. The electron current exhibits a monotonic increase 

with temperature from 20 K up to RT, which is in good agreement with phonon-

assisted hopping charge transport models. The hole current, instead, displays a more 

complex behavior. It increases analogously to the electron current up to 80 K, reaches 

a peak at 140 K and decreases up to 220 K, after which the value remains almost 

constant up to RT. This behavior can be explained by the competition between 

thermally-activated phonon-assisted hopping transport through the transport states 

and the charge trapping process into deeper energy levels, which are also thermally 

activated. While the first of the processes increases the hole mobility, the second, on 

contrary, impedes the hole transport. [37] Dissimilarly to the current, the EL EQE 

values decrease monotonically with increasing temperature (Figure 4.3b). 

 

Figure 4.4. a) Temperature dependence of electron and hole conductivity in the 

linear regime (blue and orange lines) plotted versus T -1/3 according to the 2D Mott 

variable range hopping model. The values, extracted from forward and from reverse 

hysteresis branches, are shown in open squares and in filled circles, respectively. b) 

Electroluminescence quantum efficiency and relative quantum yield for 

photoluminescence versus temperature. The PL curve is fitted using nearest-

neighbor hopping (NNH) at high temperatures and 3D Mott-type variable range 

hopping (3D-Mott VRH) at low temperatures.  

To investigate the charge transport mechanism in QDLEFETs, we performed 

low-temperature conductivity measurements of the electron and hole channel in the 

linear regime. [37] The results are depicted in Figure 4.4a. The conductivity of the 
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electron channel can be fitted very well using the 2D Mott-type variable range hopping 

model (2D Mott-VRH).[58] According to the model, the conductivity 𝜎 is defined by the 

formula: 

𝜎 = 𝜎0𝑒−(
𝑇𝑀𝑜𝑡𝑡

𝑇
)

1
3⁄

 

where 𝜎0 is the conductivity parameter and 𝑇𝑀𝑜𝑡𝑡  is the characteristic temperature. It 

is worth mentioning at this point that the general form of Mott-VRH transport 

includes an exponent ν= 1 (1+d)⁄ , with 𝑑 is the dimensionality of the system (in this 

case 𝑑 = 2 and 𝜐 = 1/3).  

The straight line fitted to the electron conductivity in Figure 4.4a has a slope 

𝑇𝑀𝑜𝑡𝑡
1 3⁄ = 116 K1 3⁄ , from which the differential temperature-dependent activation 

energy can be estimated using 𝜀𝑎 =
𝑘

3
∙ 𝑇𝑀𝑜𝑡𝑡

1 3⁄ ∙ 𝑇2 3⁄ .[59] This yields 𝜀𝑎 = 148 𝑚𝑒𝑉 at 

RT, 98 𝑚𝑒𝑉 at intermediate temperature of 160 K, and 25 𝑚𝑒𝑉 at low temperature of 

20 K. Hopping conductance involves those energy levels located close to the Fermi 

level in the material, and this range decreases with the temperature, resulting in a 

decrease of the number of states available for hopping. This is the reason behind 

temperature dependence of the activation energy, what is not the case in nearest-

neighbor hopping (NNH) transport. In contrast to the reported data on ordered 

superlattices of CQDs, we did not observe switching from nearest-neighbor to 

variable-range hopping, which could be explained by a larger degree of energetic 

disorder in our CQD films. [38] 

The hole conductivity, measured in the linear regime, is plotted along with the 

electron conductivity in Figure 4.4a. The values were taken for both the forward and 

reverse scanning direction and display a pronounced hysteresis. The hysteresis 

increases for temperatures higher than 80 K, reaching a maximum between 160-200 

K and decreases slightly up to RT. As mentioned above, this effect hinders the 

determination of the true conductivity and prevents fitting the data using transport 

theories. We assume that the hole transport can be described by the competition of 

carrier hopping through transport states and trapping into deeper levels within the 

fundamental band gap. At low temperatures (below 80 K), these trap states are filled 

and only a negligible hysteresis is observed. At intermediate temperatures (between 

80K and 160K), thermal detrapping of carriers sets in and the voltage sweep leads to 
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a filling/emptying of the trap states, thus the hysteresis. Furthermore, at high 

temperatures (exceeding 160 K) the holes acquire enough thermal energy to enter and 

leave the trap states in the band gap, and the hole conductivity increases with 

temperature – as is predicted by the hopping model.     

Inversely to the conductivity, as shown in Figure 4.4b, the overall EL EQE 

increases drastically – by more than four orders of magnitude at low temperature – 

and exceeds 1% below 100 K. Below 220 K, the emission is strong enough to be 

detected over the whole gate voltage range. At lower temperature (20 K), the emission 

from the central part of the channel was not detectable anymore due to the low 

current. As a side note, we have to state that the device chosen for low-temperature 

measurements was annealed less (120°C, 30 min) than the one presented in Figure 

4.1. In this way, we could avoid an excessive red-shift of the EL that, in this specific 

case, was peaked at 0.88 eV at RT. As a consequence, this sample had a reduced 

maximum RT EL EQE (2.5∙10-6) compared to 1.3∙10-5 for the samples, which were 

annealed at a higher temperature and longer (130°C, 1 h).  

Figure 4.4b shows the temperature dependence of the maximum EQE of the 

EL and the relative PL quantum yield (the latter given by the ratio of collected photons 

per incident photons). The EL EQE can be defined as  

𝜂𝐸𝐿(𝑇, 𝑉𝐺) = 𝛾(𝑇, 𝑉𝐺)𝜂𝑃𝐿(𝑇)𝜒𝜎𝑜𝑢𝑡 , 

where 𝛾 is the ratio of the exciton formation events with respect to the number of 

charge carriers injected into the channel, 𝜂𝑃𝐿 is the photoluminescence quantum 

efficiency, 𝜒 is the spin multiplicity of the radiatively recombining excitons and 𝜎𝑜𝑢𝑡 is 

the light out-coupling efficiency from the device into the open space.[60] 

The temperature dependent photoluminescence quantum efficiency 𝜂𝑃𝐿 has 

previously been used to gain insight into the charge carrier transport in CQD thin 

films. Gao et al. considered the probability of radiative recombination to be in 

competition with non-radiative recombination and phonon-assisted exciton 

dissociation; following their discussion, the PL EQE can be defined as [42] 

𝜂𝑃𝐿(𝑇) =
𝜂′𝑃𝐿

1 +
𝑘𝑑𝑖𝑠𝑠(𝑇)

𝑘𝑟
,

⁄
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where 𝜂′𝑃𝐿 is the efficiency of exciton recombination at 0 K, when the exciton 

dissociation process is frozen, 𝑘𝑟 is the radiative decay rate, and 𝑘𝑑𝑖𝑠𝑠(𝑇) is the exciton 

dissociation rate constant of the general form 𝑘𝑑𝑖𝑠𝑠(𝑇) = 𝐴 ∙ 𝑒−(
𝑇0
𝑇

)
𝜈

  (consider Figure 

4.5a for a scheme). Under the assumption that both 𝑘𝑟 and 𝑘𝑛𝑟 are temperature 

independent, they found that no single value of 𝜈 can adequately describe the data 

across the entire temperature region and fitted the data with 𝜈 = 1 at high 

temperature (nearest neighbor hopping, NNH), with the transition to 𝜈 = 0.5 (Efros-

Shklovskii variable range hopping, ES VRH) at low temperature. It should be noted, 

that fitting temperature-dependent PL data, as shown in Figure 4B, does not allow for 

firmly distinguishing between various values of 𝜈 and, accordingly, to make a 

conclusion about the hopping mechanism. Similarly to Gao’s work, we were unable to 

find a single value 𝜈 and we fitted the PL EQE data using the NNH model with the 

transition to VRH at low temperatures. NNH yields an activation energy 𝜀𝑎 = 31 𝑚𝑒𝑉 

with the crossover temperature 𝑇𝑐 = 160 𝐾. For the low temperature part, we based 

our choice of 𝜈 on the conductivity studies and used the Mott-VRH model (but in 3 

dimensions, since excitons in the PL studies are free to move in the entire film), i.e. 

with 𝜈 = 0.25. We find a fitting parameter 𝑇0
1

4⁄ = 61.8 𝐾
1

4⁄ . Similarly to the 

conductivity, the differential activation energy was estimated using the expression 

𝜀𝑎 =
𝑘

4
∙ 𝑇0

1 4⁄ ∙ 𝑇3 4⁄ , giving 60 meV at the crossover temperature (160 K) and 9 meV at 

low temperature (20 K). These values are considerably lower than the activation 

energy for the electron transport in a 2D layer, extracted from the conductivity 

measurements (148 meV for RT, 98 meV for 160 K and 25 meV for 20K). 

Based on the discussion above, the temperature dependence of the EL EQE is 

proportional to  

𝜂𝐸𝐿(𝑇, 𝑉𝐺)~
𝛾(𝑇, 𝑉𝐺)

(𝑘𝑟 + 𝑘𝑑𝑖𝑠𝑠(𝑇))
⁄  

For temperatures higher than 100 K the highest measured EL EQE drastically 

decreases from 1% down to 0.001%, showing a sharp temperature dependence as well 

as the PL EQE. The EL EQE temperature dependence is defined by the exciton 

dissociation, which are neutral species and are not affected by an electric field; 

therefore, we expect it to be governed as the PL by NNH and 3D VRH rather than 2D 

Mott-VRH, as found for the conductivity. However, as mentioned for the PL EQE and 
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shown in the Appendix (Figure 4.A1), fitting our set of data does not allow making a 

firm conclusion about the type of hopping based on the exponent. Additionally, these 

hopping theories do not take the presence of hole trapping energy levels into account, 

the presence of which was evident from the conductivity studies.      

Figure 4.5 illustrates the mechanism of carrier conduction, exciton 

dissociation and electroluminescence generation in QDLEFETs. On the schematics in 

Figure 4.5a, the transport energy levels of the QD film are represented by black lines, 

showing the energetic disorder determined by the assembly of the individual dots, 

hole-trapping states are represented by violet lines. Excitons, which are indicated here 

with the green ellipse, are formed after charge capture and can undergo 

radiative/non-radiative recombination or dissociation (indicated with arrows and 

letters).  

Figure 4.5. (a) Schematic of the relevant energy levels in the CQD film indicating 

charge transport (‘trans’), transition to hole trap states (‘tr’), exciton (the green 

ellipse) dissociation (‘diss’) and exciton radiative/non-radiative recombination (‘r’ 

and ‘nr’). (b) Transfer characteristics of the device at high (180 K) and low 

temperature (80 K) (c) Electroluminescence peak energy versus gate voltage for the 

two temperatures as in panel B and (d) EL EQE of QDLEFET for the temperatures 

as in panel B.   

It is important to note that in the spectral range investigated, we do not 

observe optical transitions from/to trap states, the main significant influence of the 

charge trapping is the decrease of the hole mobility and the appearance of the 

hysteresis.  
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The influence of the hole trapping on the transfer curves of the QDLEFET at two 

characteristic temperatures is illustrated in Figure 4.5b. For low temperature (80K), 

the curve has a symmetrical ‘V'-shape, representing similar charge transport through 

transport levels for electrons and holes. As stated above, these traps are thus inactive 

(filled) at low temperature. However, for higher temperatures (180K) the detrapping 

process is activated and the shape of the transfer curve becomes asymmetrical. 

Figure 4.5c shows the dependence of the position of the electroluminescence 

peak versus the applied gate voltage. The gate voltage effectively shifts the Fermi level 

in the QDLEFET, moving it deeper into charge transport levels, therefore including 

more states for electron or hole transport. This leads to a band filling and a blue shift 

of the emission for larger applied voltages at low temperature (15 and 8 meV for 

electron and hole accumulation, respectively). However, for high temperatures, the 

emission blue-shifts much more noticeable for the electron channel than for the hole 

channel. In the former case, the shift amounts to 38 meV, but does not exceed 2 meV 

in the latter. Given the activation of the trap states at elevated temperatures, we expect 

the Fermi level to be pinned to the hole trap level at a negative bias, which effectively 

prevents to shifting it deeper into the hole transport states. Therefore, the emission 

does not further blue shift, but the energy is limited by the energetic position of the 

trap states. We furthermore note that the peak energy of the minimum emission 

energy is reduced by 19 meV at low temperature, which is predominantly the result of 

the band gap decrease of PbS CQDs at low temperature. [44, 61] 

As discussed above, the phonon-assisted exciton dissociation leads to the 

inverse dependence of the EL EQE on the temperature – it decreases from 0.9% at 80 

K to 0.026% at 180 K. However, the shape of the EL EQE curve as a function of the 

gate voltage remains similar, with a small shift toward larger gate bias for the low-

temperature case. The EL EQE decreases symmetrically for large positive/negative 

gate voltage both at high and low temperature, indicating that when the 

recombination zone is close to either of the electrodes, the influence of the contacts is 

limiting the EL EQE rather than the charge trapping process. 
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4.3. Conclusions 
 

As a conclusion, we presented and characterized the first fully solid QDLEFET 

and show how this device not only has interesting application prospects modulating 

simultaneously optical and electrical signals, but can also be used to study the physical 

properties of CQDs films. The QDLEFET shows good switching properties as an n-

type FET, with hysteresis-free electron transport giving a mobility of 0.06 cm2V-1s-1. 

The hole transport shows a lower mobility and a pronounced hysteresis, pointing to 

the presence of hole traps in the CQDs. Measurements of the QDLEFET conductivity 

are well fitted by a 2D Mott VRH transport for electrons, and show a more complex 

behavior of the hole conductivity, influenced by thermal activation of the hole 

trapping energy states. By changing the gate bias, the recombination zone can be 

shifted within the channel of the transistor from the source or drain electrode to the 

middle of the channel, where the EL EQE is significantly increased. At RT, a maximal 

EL EQE of 1.3·10-5 is obtained. The emission peak energy depends on the gate voltage 

and can be shifted on the order of ten meV – an effect we ascribe to state filling of the 

transport levels at higher carrier densities. The EL EQE increases drastically at low 

temperatures, reaching 1% below 100K. This behavior is explained by phonon-

assisted dissociation of excitons. 

 

4.4. Experimental   

 

PbS CQDs synthesis. Lead (II) acetate trihydrate (≥99.99%, Aldrich), 

bis(trimethylsilyl)sulfide (Aldrich), 1-octadecene (ODE, 90%, Aldrich), oleic acid 

(90%, Aldrich), ethanol (Fluka), hexane (Aldrich), and tetrachloroethylene (99%, 

Aldrich) were used as received.PbS CQD capped with oleate ligands were synthesized 

as described elsewhere with slight modifications. [5] 1.5 g of lead(II) acetate trihydrate 

was dissolved in the mixture of 47.2 ml ODE and 2.8 ml oleic acid. This solution was 

dried for 1 hour under vacuum at 120°C in a three-neck flask using a Schlenk line. 

Further reaction was carried out under argon atmosphere. The lead precursor solution 

was cooled down to 85°C, the heating mantle was removed and a solution of 0.420 ml 

of bis(trimethylsilyl)sulfide in 10 mL of dried ODE was quickly injected. Two minutes 
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later the reaction was quenched using a cold water bath. CQDs were purified 3 times 

by washing hexane/ethanol mixture. Finally, PbS CQDs were re-dispersed in 

anhydrous hexane, filtered through 450 µm PTFE filter and stored under inert 

atmosphere. Solutions concentrations were determined by the measurement of the 

absorption of diluted solutions at 400 nm. 

Device fabrication. A borosilicate glass plate (0.7 mm thick) was chosen as 

the substrate. After cleaning, the source and drain electrodes (Ti/Au, 5/40 nm) were 

patterned using a standard lift-off lithography technique. After resist removal, the 

substrate was annealed at 120°C in an N2-filled glovebox. The deposition of CQDs film 

took place in the glovebox, shortly after annealing. The film was completed by spin-

coating OA-capped PbS CQDs (2 mg/ml for the first layer and 20 mg/ml for the next 

3 layers in hexane) [4] and subsequent treatment of the layers using TBAI (11 mg/ml 

in methanol) for c. 35 seconds. After ligand exchange, the layers were washed twice 

with pure methanol. After the completion of the CQDs film, the substrate was dried 

on a hot plate for 1 min at 120°C. Then, approx. 10 nm-thick PMMA interlayer was 

spin-coated (10 mg/ml in toluene). The substrate was transferred to the ALD-chamber 

and 600 cycles of aluminum oxide were grown at 100°C. Lastly, 100 nm-thick gold 

gate electrode was thermally evaporated through a shadowmask.  

Device characterization. Electrical characterization of the QDLEFET was 

done using Keithley semiconductor parameter analyzer 4200-SCS. 

Electroluminescence and photoluminescence spectra were collected using a 

spectrometer and recorded by Andor iDus 1.7 μm InGaAs camera. The 

electroluminescence EQE was calculated using a calibrated photodiode, put in contact 

with the back side of the substrate. Using this data, the camera was calibrated to 

estimate the EQE of the electroluminescence and photoluminescence at low 

temperature. For low-temperature measurements, the substrate was placed in a He-

cooled cryostat with spring-loaded contact pins for reliable electrical connection. 

Channel imaging was done by cooled 2D InGaAs camera (640×512 pixels NIRvana 

640ST, Princeton Instruments), using 50x objective.  
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Appendix Figure A1. Electroluminescence EQE as a function of temperature, and 

corresponding fitting with different hopping models (2D Mott VRH and 3D Mott 

VRH/NNH). 
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5. Patterned Quantum Dot 

Photosensitive FETs for 

Medium Frequency 

Optoelectronics* 

 

 

The use of colloidal quantum dots (CQDs) as active layers for the 

transistors in integrated circuits is often impeded by the poor compatibility 

of CQDs films with the standard lithographic processing. In this work we 

demonstrate successful patterning of TBAI-treated PbS CQDs films on (3-

Aminopropyl)triethoxysilane (APTES)-functionalized glass or aluminum 

oxide surfaces, using lithography. Field-effect transistors (FETs) with a 

patterned gate electrode and patterned CQDs film as an active layer with an 

electron mobility of 0.1 cm2 V-1 s-1, a threshold voltage of -0.29 V, and a cutoff 

frequency of 400 kHz are demonstrated. Furthermore, the lithographic 

processing does not compromise the optical properties of the film, as 

evidenced by the photoresponse measurements of the FETs (11.6 mA/W at 

920 nm and 26.7 mA/W at 440 nm). These results further demonstrate CQDs 

as a potential material for optoelectronic applications, where medium 

frequency operation is required. 

  

                                                           
* A.G. Shulga, A. Yamamura, K. Tsuzuku, R. Dragoman, D.N. Dirin, S. Watanabe, 

M.V. Kovalenko, J. Takeya, M.A. Loi, submitted (2019) 
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5.1. Introduction 
 

Colloidal quantum dots (CQDs) are semiconducting nanocrystals with utterly 

fascinating physical properties that recently triggered great attention from the 

optoelectronics community. [1-3] One of their most interesting properties is the size-

dependent band-gap, which allows tuning the absorption of the CQDs merely by 

changing their size. Along with inexpensive and well-established synthesis, the 

solution processing, the possibility of deposition over large-area and flexible 

substrates have determined the use of CQDs in solar cells, light-emitting diodes, 

photodetectors, water splitting photoelectrodes, field effect transistors, etc.  [4-8] 

Among others, PbS CQDs are used successfully in solar cells and photodetectors due 

to strong and broad absorption, going from the visible to the near-infrared range. [9, 

10] Furthermore, high-performance field-effect transistors and basic logic elements 

were demonstrated with this material. [11, 12] 

However, a number of issues is often associated with the fabrication of CQDs 

thin-film devices. As synthesized, CQDs are commonly capped with long aliphatic 

ligands, such as oleic acid (OA), to ensure a stable colloidal dispersion in non-polar 

solvents. [13] These molecules form an insulating barrier surrounding CQDs, strongly 

hindering the charge transport between quantum dots when they are assembled in a 

thin film. One approach to overcome this obstacle is the layer-by-layer spin-coating 

with subsequent ligand exchange to smaller entities (for example, using 

tetrabutylammonium iodide (TBAI) treatment). [11] Such ligand exchange causes large 

volume reduction with consequent formation of cracks in the film and poor adhesion 

to hydrophilic surfaces. [12] Additionally, unprotected PbS CQDs films show reversible 

degradation of electron transport upon exposure to air. [14] Thermal annealing under 

inert atmosphere can restore the electron transport; however, when performed at high 

temperature and for a long time, it leads to sintering of CQDs, compromising the 

quantum confinement, with consequent degradation of important device parameters. 

[15]  

The aforementioned complications and the sensitivity of quantum dots solids 

to air, solvents and thermal treatments often withhold their use in highly integrated 

circuits, generally made by optical lithography. However, patterning of the active layer 

is often a necessary step to reduce parasitic resistances and capacitances, which is 
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vitally important for high-performance, and high-frequency device fabrication. For 

example, in a field effect transistor, limiting the semiconducting layer only to the 

channel region decreases the gate leakage and cross-currents when the transistor is 

part of an integrated circuit; patterning of the gate electrode decreases its overlap with 

source/drain contacts, thus reducing the parasitic capacitance.   

Herein we demonstrate TBAI-treated PbS CQDs FETs, fabricated by multiple 

lithography steps on a flexible polymeric substrate. First, we demonstrate that, with 

proper surface treatment with (3-Aminopropyl)triethoxysilane (APTES), PbS CQDs 

film sticks to the glass/alumina surface strongly enough to sustain wet etching without 

any delaminating or cracking. Such patterned PbS CQDs films were further used as 

an active layer in patterned-gate FETs. Short-channel devices, which show prevailing 

electron transport with the mean effective mobility value of 0.1 cm2 V-1 s-1 and the 

threshold voltage of -0.29 V, were obtained. These are the first PbS CQDs FETs, for 

which the cut-off frequency was tested and demonstrated. The measured value of 400 

kHz is in agreement with the theoretically predicted value of 500 kHz. To demonstrate 

that the multiple fabrication steps performed in air do not compromise the optical 

properties of the film, we study the photoresponse of the devices. The values (11.6 

mA/W at 920 nm and 26.7 mA/W at 440 nm) of the responsivity spectra shows that 

lithographic etching has practically no influence on the physical properties of the CQD 

assembly. These results further demonstrate the great potential of CQD solids as 

highly integratable optoelectronic material. 

 

5.2. Results and discussion 
 

CQDs films were deposited on glass/alumina surfaces functionalized 

with (3-Aminopropyl)triethoxysilane (APTES). The films were formed via a 

typical layer-by-layer spin-coating technique of OA-capped PbS with 

subsequent ligand exchange with tetrabutylammonium iodide (TBAI). 

Obtained films were patterned via wet etching and further used as an active 

layer for FETs, as it is demonstrated in Figure 5.1. Figure 4.1a shows an optical 

image of a TBAI-treated PbS film, patterned with the university logo using a 
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mask-less lithography technique. This is the first time that the etching of a 

ligand-exchanged CQD film is reported; therefore, it is important to 

demonstrate the quality of the pattern. The atomic force microscopy (AFM) 

micrographs show a film of approximately 63 nm thickness and root mean 

square (RMS) roughness of 4.23 nm, with no pinholes or cracks (see Appendix 

Figure 5.A1). To prove the quality of the material removal upon etching, the 

AFM scan of one of the edges of the CQDs film logo is depicted in Figure 5.1b, 

where the sharp and clean profile is evident. It is important to underline that 

experiments where the CQDs are deposited directly on the untreated substrate 

surface (covered with hydroxyl groups) gave rise to partial or complete 

delamination of the film during the resist removal process. The delamination 

totally disappears when the CQDs are deposited on APTES-functionalized 

glass substrate or aluminum oxide gate dielectric (see methods).  

 

Figure 5.1. Etched CQDs film for FETs. a) Optical microscopy image of patterned 

CQDs film. b) AFM profile of an edge of the patterned CQDs film. c) Schematic 

structure and d) optical microscopy image of CQDs FET with patterned gate and 

active layer. 

The schematics of the FETs, utilizing patterned PbS CQDs films, is 

shown in Figure 5.1c, and the corresponding microscopy image in Figure 5.1d. 

Devices were fabricated on flexible thermally-cured polyimide films, spin-

coated on a 5x5 glass substrate. On the polyimide, patterned gate electrodes 
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are lithographically defined in order to decrease parasitic capacitance, caused 

by the overlap of the gate and the source/drain electrodes. On the patterned 

gate electrode, a 100 nm thick layer of Al2O3 is grown by atomic layer 

deposition (ALD). PbS QDs film is deposited and treated with TBAI as 

described in the experimental section and reported earlier. This layer is also 

patterned and limited to the channel region in order to minimize gate leakage 

current and parasitic capacitances. On top of the active layer, source and drain 

electrodes are lithographically defined. After all the fabrication steps the 

substrate was encapsulated with a layer of aluminum oxide grown by atomic 

layer deposition (ALD), to increase the stability of the device in air. The design 

of the photomasks used for the lithography allowed fabrication of FETs with 

different channel length from 4 µm for high-frequency operation (short-

channel FET) to 7, 12, 22, 52, and 102 µm to estimate the contact resistance 

using the transfer line method (TLM). [16] 

The transfer and output curves of the FETs, made in our first 

experiments, showed high injection barrier for electrons (see Appendix Figure 

5.A2). This is determined by the use of tetramethylammonium hydroxide 

(TMAOH)-based developer during the photoresist patterning, which we found 

can modify the TBAI-treated QDs film by substituting the I- ligands on the 

surface of CQDs with OH- groups. This hypothesis of the I- - OH- substitution 

was verified by comparing TBAI-treated with TMAOH-treated and 

subsequent TBAI/TMAOH treated PbS QDs FETs. The transfer curves of 

TBAI/TMAOH treated PbS QDs FETs are almost identical to the one of the 

purely TMAOH-treated FETs, showing larger threshold voltage than the 

classical TBAI-treated FETs (see Appendix Figure 5.A3). In order to remove 

the undesired electron barrier, a thin layer of TiO2 (approximately 6 nm) was 

deposited by ALD before the deposition of aluminum, which will form the 

source and drain electrodes. We speculate that the highly reactive titanium 

tetrachloride (the ALD precursor) successfully reacts with OH- groups on 

CQDs surfaces during the ALD process, creating a titania shell and efficiently 

removing the injection barrier for electrons.  
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Figure 5.2. Electrical characteristics of a short-channel CQDs FET. a) Output 

characteristics of a short-channel (4 µm) CQDs FET measured for n-channel (right) 

and p-channel (left). b) Transfer characteristics of CQDs FET measured for drain 

voltages of 1 V, 2 V, 5 V and 12V, plotted in linear and logarithmic scale. The gate 

leakage current is plotted as a black curve in logarithmic scale. 

The output and transfer characteristics of a short-channel PbS QDs 

FET with TiO2/Al contacts are shown in Figure 5.2. After fabrication and 

encapsulation, generally, poor transport properties with low current and large 

hysteresis are obtained; however, after sufficient thermal annealing on a hot 

plate (typically, 2 h at 120 °C), the behavior improves largely (see Appendix 

Figure 5.A4) and properties as the one in Figure 5.2 can be measured.  

The electron current in the output characteristics shown in Figure 5.2a 

shows negligible hysteresis and clear linear/saturation regime. For the hole 

channel, the current is much smaller, and a hysteretic behavior appears and 

increases with increasing gate voltage. In agreement with previous reports, 

this behavior can be explained by the presence of charge traps for holes, 

injected through the low-work-function TiO2/Al contacts. Figure 5.2b shows 

transfer curves of the FET, confirming the strong n-type properties the minor 

hole injection for higher drain voltages, which affect the off-current of the 

device and decrease the on-off ratio from 105 for 1 V drain bias to 104 for 12 V 

bias. The effective electron field-effect mobility (μeff), extracted from the slope 

of the transfer curve in linear mode, is 0.10 cm2V-1s-1 with a standard deviation 

of 0.01 cm2V-1s-1; the threshold voltage VTH is -0.29±0.01 V (See Appendix 
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Figure 5.A5 for more statistics). Interestingly, the effective mobility does not 

show a monotonic decrease with decreasing channel length, indicating low 

contact resistance that is crucial for the high-frequency operation of FETs. 

Devices with longer channels, up to LC = 12 µm, show slightly higher effective 

mobility (17% increase) compared to the short-channel ones; however, the 

mobility decreases again as channel length further increases, going back to 0.1 

cm2V-1s-1 for 102 µm channel.  

 

Figure 5.3. Cutoff frequency measurement for short-channel CQDs FET. a) Source 

current (red circles), gate current (blue squares) and calculated drain current 

(yellow triangles) for a short-channel CQDs FET for different frequency of the gate 

voltage signal. The connection scheme for the frequency measurements is shown in 

the inset. b) The current gain, calculated from the data depicted in a), of a short-

channel CQDs FET.   

For high-frequency operation, besides high charge carrier mobility and 

low contact resistance, a low gate leakage current and low parasitic 

capacitance are extremely important. The cutoff frequency, which is the 

maximal operational frequency of an individual FET, can be approximated 

with the following expression: [17] 

𝑓𝑇 =
𝜇𝑒𝑓𝑓𝑉𝐷

2𝜋𝐿𝐶(𝐿𝐶 + 𝐿𝑂𝑉)
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Where VD is the drain voltage, LC is the channel length and LOV is the 

total overlap of the gate electrode with source and drain electrodes. For our 

short channel devices, for 𝑉𝐷 = 10 𝑉 bias, μeff = 0.1 cm2V-1s-1, LC = 4 μm, LC + 

LOV = 8 μm, which gives a cutoff frequency fT = 500 kHz. 

The cutoff frequency is the frequency, at which the gate current is equal 

to the drain current, and is, therefore, the frequency at which the current gain 

becomes zero. [17] In our short-channel PbS QDs FET, the cut-off frequency 

was measured using a simple setup, the schematics of which is shown in the 

inset of Figure 5.3a. A constant bias voltage of 10 V and a high-frequency 

sinusoidal signal with 1V RMS amplitude was applied to the gate of the FET. 

A 50 Ω- terminated oscilloscope was connected to the source electrode and 

was used to monitor the source current of the FET. When the drain bias 

voltage is set to 0 V, the oscilloscope signal is merely equal to the gate current 

(blue squares); when the drain bias is set to 10 V, the source current is equal 

to the sum of the gate current and the drain current (red circles). The drain 

current was calculated as the difference between the gate current and the 

source current under the aforementioned biasing conditions (yellow 

triangles). As it is shown in Figure 5.3a, the gate current is increasing 

proportionally to the frequency of the signal, following a plain capacitor 

model. The drain current is stable up to 100 kHz, when it starts decreasing. 

Both these trends cause the decrease of the current gain (Figure 5.3b), which 

is equal to zero at fT = 400 kHz. This value is slightly lower than the calculated 

500 KHz; we believe part of this discrepancy could be due to our experimental 

setup, which use an oscilloscope instead of current probes. [17] 

It is important to underline that these are the first ever-reported 

measurements of the cutoff frequency of CQDs FETs, which were made 

possible by the patterning of the CQD layer by a standard lithographic process 

and by the optimization of the device structure and the sample encapsulation. 

The lithographic patterning allows reducing the parasitic capacitance while 
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the optimization of the device structure and the transistor encapsulation is 

fundamental for obtaining hysteresis-free device characteristics. 

 

Figure 5.4. CQDs FET as a photodetector. a) Transfer curve of a CQDs FET for 1 V 

drain bias measured in dark (blue squares) and under illumination (yellow circles). 

b) Current-voltage curve of a CQDs FET connected as a diode in the dark (blue 

squares) and under illumination (yellow circles). c) The responsivity of a CQDs FET 

measured for 5 V drain bias and -4 V gate bias (red circles). The blue curve is the 

absorption spectra of the CQDs in solution. 

Since PbS CQDs can absorb efficiently near-infrared light, we have 

tested our PbS CQDs FET as possible in-chip photodetectors. The results of 

the measurements are depicted in Figure 5.4. First, the device was connected 

and measured in phototransistor mode (Figure 5.4a). The drain voltage was 

fixed at 1 V and the transfer curve was measured in dark (blue squares) and 

under white light (yellow circles). Second, the device was measured in a 

photodiode mode, connected accordingly to the schematics in Figure 5.4b. The 

photodiode shows good rectification ratio of 104 at VDD = ± 3 V. Under white 

light illumination both photodiode and phototransistor measurements yield 

approximately 2 orders of magnitude increase of the current. The responsivity 

curve of the phototransistor was measured for VD = 5V and VG = - 4V, and is 

depicted in Figure 5.4c. The responsivity shape resembles a typical absorption 

curve of TBAI-treated PbS CQDs film, with a visible excitonic peak at 

approximately 920 nm. This value is considerably shifted towards the red 
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compared to the excitonic peak of the OA-capped PbS CQDs in solution, used 

for the fabrication of the device, which is at 700 nm. Therefore, the thermal 

annealing was not only instrumental to improving the charge transfer 

properties of the FETs but also caused partial sintering of the nanoparticles. 

The values of the responsivity reach 11.6 mA/W at 920 nm and 26.7 mA/W at 

440 nm, and depends on the biasing conditions of the device. In typical 

photogate-based devices, the photogenerated charges induce the effective 

shift of the threshold voltage leading to high gain values and slow time-

dependent photoresponse. [18-20] This gain mechanism is absent in our device 

architecture, and the photoresponse is caused by the direct contribution of the 

photogenerated carriers to the conductivity of the channel in the depleted 

state, thus limiting the external quantum efficiency (EQE) of the light 

conversion (which is the number of transported electrons per the number of 

incident photons) to the values smaller than unity (1.5% at 920 nm and 7.5% 

at 440 nm) but with the advantage of a highly responsive device. [21] Therefore, 

for practical applications requiring efficient and fast light detection, an 

amplification circuit might be required, which can be fabricated from similar 

PbS QD FETs. [22] 

 

5.3. Conclusions 
 

In this chapter, we demonstrate CQDs FETs with effective mobilities of 0.1 

cm2V-1s-1 and cutoff frequency of 400 kHz. CQDs films on APTES-functionalized 

aluminum oxide or glass surfaces were patterned using lithography. To remove the 

electron injection barrier from source/drain electrodes into the CQDs film, a thin layer 

of low-temperature ALD-grown TiO2 was deposited before aluminum deposition. 

Thermal annealing is needed to improve the transport properties of the FETs after 

fabrication that leads to partial sintering of the film; however, partial quantum 

confinement was preserved, what was confirmed by the responsivity measurements 

of a phototransistor. The responsivity shape resembles the typical absorption 

spectrum of TBAI-treated PbS film with the first excitonic peak at 920 nm. These 
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findings show that PbS CQDs films are fully compatible with standard lithography 

operations and therefore can be used as a part of integrated circuits working in the 

medium frequency range. Additionally, PbS CQDs FETs show photoresponse for near-

infrared light and, possibly in combination with an amplification circuit integrated 

from similar FETs, can be used as in-chip photosensors – e.g., for optical 

communication.  

 

5.4. Experimental   

 

PbS CQDs synthesis. PbS CQDs were synthesized following an up-scaled 

hot-injection technique developed by Yarema et al. [23] Briefly, PbO (18 g, 80 mmol) 

was mixed with 50 mL of oleic acid and 750 mL of 1-octadecene in the 2 L three-neck 

flask. The addition funnel with 8.4 mL (40 mmol) of bis(trimethylsilyl)sulfide and 400 

mL of dried 1-octadecene was connected to the flask. Lead oxide solution was 

degassed at 120 °C for 2 hours. After that flask was refilled with nitrogen and 

temperature was settled to 82 °C. Prior to injection, the heating mantle was removed 

and a vacuum was applied until the pressure reaches 1−10 mbar. After that, the 

vacuum valve was closed and the stopcock of the addition funnel was opened resulting 

in fast injection of the sulfur precursor. The solution was allowed to cool down 

naturally for 8 minutes. PbS CQDs were washed three times with hexane/ethanol 

solvent/nonsolvent pair and finally redissolved in hexane. 

Bottom gate FET substrate fabrication. A polyimide film was spin-

casted on a glass substrate from polyimide precursor – polyamic acid U-Varnish S 

(UBE Industries) and thermally cured at 450 °C for 10 min. After cooling down, an 

aluminum thin film (45 nm) was deposited via thermal evaporation. Bottom gate 

electrodes were patterned via lithography using the high-resolution image-reversal 

photoresist AZ® 5214 E (MicroChemicals) in positive mode, and etching of the 

aluminum by TechniEtch Al80 (MicroChemicals). After resist removal, the substrates 

were treated with O2 plasma for 3 minutes to remove residual photoresist and to 

enlarge the amount of native aluminum oxide on the surface. The gate dielectric, Al2O3 

was deposited using a low temperature (100 °C) ALD process (ALD deposition system 

R200 Advanced system, Picosun) using trimethyl aluminum (TMA) and water as 
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precursors. The thickness of the aluminum oxide was circa 100 nm (1000 ALD cycles 

+ native oxide layer), corresponding to the gate capacitance of 80 nF∙cm-2 (measured 

using an impedance meter in a flat capacitor configuration).  

APTES functionalization of the surfaces. Aluminum oxide and glass 

surfaces were functionalized using (3-Aminopropyl)triethoxysilane (APTES) prior 

PbS CQDs film casting for better adhesion. APTES was dissolved in toluene (1 µl per 

20 ml), and the substrates were immersed in the solution. For APTES self-assembled 

monolayer (SAM) formation, the solution was heated to 100 °C in a nitrogen 

atmosphere for 1 hour; the substrates were rinsed with toluene and dried on a hot 

plate at 120 °C afterward.  

TBAI-treated PbS CQDs film deposition. TBAI-treated PbS CQDs were 

deposited via layer-by-layer spin-coating from 20 mg/ml OA-capped PbS CQDs 

solution in hexane and subsequent ligand-exchanged using a puddle treatment by 11 

mg/ml TBAI solution in methanol for 35 s followed by a double washing step with 

pure methanol and spin-drying. The procedure was repeated three times to get TBAI-

treated PbS CQDs film of circa 63 nm. At the end of the deposition process the 

substrate was annealed at 125C for 1 min. 

TBAI-treated PbS CQDs film patterning. The patterning of the CQDs 

film was done in air using lithography photomasks or a mask-less exposure system 

(SmartPrint, SmartForce Technologies). The patterns were defined using AZ® nLof 

2020 photoresist (MicroChemicals) and wet-etching was done by immersing the 

substrates in 1 mM water solution of HCl for approximately 1 minute. After washing 

with demi water, the resist layer was removed by sonication in acetone and rinsed with 

isopropanol. The substrate was dried in vacuum for 30 min before the next 

lithography step.  

Top contact fabrication and encapsulation of FETs. For the top 

contact deposition, the electrodes were patterned with AZ® 5214 E photoresist 

(positive mode). The substrate was moved into the ALD chamber, and TiO2 was 

deposited at 100 °C from titanium tetrachloride (TiCl4) and water (120 cycles). The 

sample was them move to the vacuum chamber of the thermal evaporator where 45 

nm aluminum were deposited. The lift-off was done by sonicating the substrate in 

acetone for 15 minutes and subsequent rinsing with isopropanol. After that, the 
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substrate was moved in an N2 – filled glovebox and annealed on a hot-plate at 125 °C 

for 2 hours. For encapsulation, circa 50 nm of aluminum oxide was deposited using 

the above-described ALD process.     
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Appendix 
 

 

Appendix Figure 5.A1. AFM images of patterned TBAI-treated PbS CQDs film 

measured for different filed sizes.   
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Appendix Figure 5.A2. Output and transfer curves of TBAI-treated PbD CQDs 

FET with lithography-patterned aluminum top contact illustrating injection barrier 

for electrons.  

 

Appendix Figure 5.A3. Transfer curves of PbS CQDs FETs treated with TBAI. 

TMAOH and with subsequent TBAI/TMAOH. 
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Appendix Figure 5.A4. Change of the transfer curve of a TBAI-treated PbS CQDs 

FET upon thermal annealing on a hotplate at 125 °C in N2 – filled glovebox for 

different time. Solid lines show the transfer curve for the forward sweep and dashed 

curves for the reverse sweep of the voltage. 

 

Appendix Figure 5.A5. Statistical distribution of effective mobilities and 

threshold voltages of TBAI-treated PbS CQDs FETs with different channel lengths, 

measured for 24 devices on 5x5 cm2 substrate. 
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Summary 
 

Many, if not all, of the modern technological developments became possible 

due to scientific progress in the field of semiconductors, which arises in the early XIX 

century. This field, that was considered to be ‘suicidal’ because of low reproducibility 

and technical challenges at the beginning of XX century, brought us the cleanest 

material, ever produced by humans, – crystalline silicon. Integrated circuits, made on 

silicon are now used for most of the electronic devices, are at the heart of computers 

and of photosensors.   

Novel electronic materials, that are able to substitute traditional crystalline 

semiconductors for lower costs and easier fabrication, have been in the focus of many 

research projects over the last years. Quantum dots occupy a significate niche in this 

research, due to their simple synthesis, solution processing, and high performance. In 

particular, strong absorption of visible and near-infrared light makes them potential 

successor of crystalline and amorphous silicon photodetectors. Another advantage of 

quantum dots is their tuneable bandgap that depends on the physical size of the 

nanoparticles. Recently, many challenges have been overcome, such as 

photoluminescence blinking of the nanoparticles and poor conductivity of the film, 

what open a way for utilizing the quantum dots in displays, photodetectors, solar cells, 

field-effect transistors, and other optoelectronic devices. 

However, despite great success in optoelectronics, quantum dot solids require 

additional work to overcome the remaining challenges, inherent to the nature of the 

material. As synthesized, colloidal quantum dots generally are capped with long 

aliphatic molecules (ligands), to ensure the passivation of the surface and stable 

dispersion of the nanoparticles in organic solvents. When deposited in a film, these 

ligands represent dielectric barriers, suppressing the charge transport through the 

film. To obtain charge transport between quantum dots, the original ligands are 

exchanged into smaller entities, either in solution or in pre-deposited film. However, 

the passivation of the surface by new ligands often is imperfect, thus causing the 

formation of surface defects. Due to the large surface to volume ratio, these defects 

result in a number of energy states within the band gap of the quantum dot film. 
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Additionally, the charge transport is readily influenced by device fabrication 

conditions, the stoichiometry of the surface and the nature of the ligands.   

The aim of this thesis is to give fundamental insights into the charge transport 

process in quantum dots film and demonstrate high-performance optoelectronic 

devices, such as double gate field effect transistors, logic circuits, light emitting 

transistors and photodetectors. 

In Chapter 2 the first double-gate quantum dot field effect transistor is 

introduced. The fabricated devices in a double-gate configuration are characterized by 

smaller hysteresis and higher electron and hole mobilities respect to single gate ones. 

The simultaneous use of the two gates allows superior control of the threshold voltage 

shift and of the polarity of the PbS CQDs FET by effective channel tuning. Further, we 

demonstrated that CQDs are fully compatible with multiple gate technology, 

expanding the possibilities of the circuit design in future CQDs-based integrated 

circuits.  

The course for the integration was further followed in Chapter 3, where is 

demonstrated the first hybrid inverter, consisting of transistors using PbS CQDs as n-

type material and single wall carbon nanotubes (SWCNTs) as p-type. The pair of FETs, 

gated with P(VDF-TrFE-CFE)/PMMA high-k polymer bilayer, demonstrates 

complementary characteristics, allowing using them in CMOS-like electronic devices. 

The inverter features sub-1V operation with the highest reported static gain (76 V/V) 

and noise margins (80%, calculated following maximum equal criteria principle), as 

for fully solution-processed devices.  

In Chapter 4 we explore the first quantum dot light emitting field-effect 

transistor (QDLEFET) with solid state gating. We show that it is possible to combine 

near-infrared light generation and the current switching properties in a single 

transistor. The QDLEFET shows state-of-the-art switching performance, with an 

electron mobility of 0.06 cm2 V-1 s-1 and an on-off ratio of 104. At room temperature, 

the external quantum efficiency (EQE) of the light generation is 1.3∙10-5. To get further 

insights into the origin of relatively low EQE and the charge transport details, we 

performed low-temperature experiments, combining electroluminescence (EL) and 

conductivity studies. We found, that the EL EQE increases drastically with decreasing 

temperature and reaches 1% at temperatures lower than 100K. The origin of this 
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increase is the decrease of the exciton dissociation rate, governed by phonon-assisted 

hopping of charge carriers between transport energy levels in CQDs film. We further 

strengthened our discussion by performing the conductivity measurements, which 

showed Mott-type variable range hoping to be the charge transport mechanism in the 

PbS CQDs films. Additionally, we were able to identify the presence of hole trapping 

within the bandgap, the presence of this trapping states is influencing largely the hole 

transport in ambipolar PbS QDs FETs. 

After demonstrating the concept devices in chapters 2,3 and 4, in chapter 5 

we show the full compatibility of PbS CQDs with upscale industrial techniques, such 

as optical lithography and wet etching. We demonstrate for the first time, that 

lithographically etched PbS CQDs film can be used as a material for high-performance 

photosensitive transistors. Further, we develop a method of lithographical fabrication 

of the top contact electrodes, avoiding the formation of injection barriers. The cut-off 

frequency of PbS QDs FETs was measured and reported for the first time, with the 

value of 400kHz. The transistors, additionally, demonstrate responsivity to near-

infrared light. These findings show that PbS CQDs can be used as a material for 

optoelectronic devices, operating in the medium frequency range. 

In summary, this thesis demonstrates the set of various devices, made of PbS 

CQDs, along with the fundamental description of optical and electrical processes 

occurring in PbS CQDs films. Our findings, along with the ones of others, suggests 

that CQDs have great prospects on the way to commercialization into viable 

technologies, especially in fields were traditional semiconductors show strong 

limitations, as the emission and detection of light in the near-infrared spectral region.    
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Samenvatting 
 

De wetenschappelijke doorbraken in het gebied van de halfgeleiders, dat 

opkwam in de vroege 19e eeuw, hebben gezorgd voor de meeste, zo niet alle, moderne 

technologische ontwikkelingen. Dit gebied, dat in het begin van de 20e eeuw als 

“suïcidaal” werd beschouwd door de lage reproduceerbaarheid en technische 

uitdagingen, heeft ons het puurste materiaal gebracht dat ooit door de mens is 

gemaakt: kristallijn silicium. Dit materiaal is de basis van geïntegreerde schakelingen 

die tegenwoordig voor het gros van de elektronica worden gebruikt en ligt ten 

grondslag aan de werking van computers en fotosensoren.  

De laatste jaren is er veel onderzoek gedaan naar nieuwe elektronische 

materialen die goedkoper en gemakkelijker te maken zijn dan de traditionele 

kristallijne halfgeleiders. Quantum dots zijn een belangrijk deel van dit onderzoek 

vanwege hun simpele synthese in combinatie met het feit dat ze vanuit oplossing 

verwerkt kunnen worden in krachtige apparaten. Door de sterke absorptie van nabij-

infrarood- en zichtbaar licht zouden quantum dots kristallijn en amorf silicium in 

fotodetectoren kunnen vervangen. Een voordeel van quantum dots is dat hun 

bandkloof aan te passen is door de afhankelijkheid van de grootte van de nanodeeltjes. 

Obstakels, zoals de niet-continue fotoluminescentie en de slechte geleidbaarheid, die 

het gebruik van quantum dots in beeldschermen, fotodetectoren, zonnecellen, 

veldeffecttransistoren en andere opto-elektronische apparaten nog tegenhielden zijn 

onlangs overkomen. 

Ondanks deze successen in het gebruik van quantum dots in opto-elektronica 

moet er nog gewerkt worden aan de resterende uitdagingen die inherent zijn aan het 

materiaal. Tijdens de synthese van colloïdale quantum dots (CQDs) worden deze 

beschermd met lange alifatische moleculen (liganden) die zorgen voor een stabiele 

dispersie in organische oplosmiddelen en leiden tot een gepassiveerd oppervlak. 

Wanneer deze quantum dots in een laag worden aangebracht fungeren de liganden 

als dïelektrische barrières die het ladingstransport door de laag belemmeren. Om 

ladingsoverdracht tussen quantum dots mogelijk te maken worden de originele 

liganden vervangen door kleinere eenheden, wat mogelijk is in oplossing of in een al 

bestaande laag. De passivatie van het oppervlak is echter vaak niet perfect, waardoor 

defecten aan het oppervlak ontstaan. Doordat de verhouding van oppervlak tot 
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volume groot is zorgen deze defecten voor een aantal energieniveaus in de bandkloof 

van de quantum dot-laag. Bovendien is het ladingstransport eenvoudig te beïnvloeden 

door de omstandigheden waarin de apparaten gemaakt worden, de stoichiometrie van 

het oppervlak en de aard van de liganden. 

Het doel van dit proefschrift is om fundamentele inzichten te verkrijgen over 

het proces van ladingstransport in quantum dot-lagen en om krachtige opto-

elektronische apparaten te maken, zoals veldeffecttransistoren met een dubbele gate, 

logische poorten, lichtuitstralende transistoren en fotodetectoren. 

In Hoofdstuk 2 wordt de eerste quantum dot veldeffecttransistor met dubbele 

gate geïntroduceerd. Ten opzichte van veldeffecttransistoren met één gate hebben 

deze minder hysterese en hogere mobiliteiten voor elektronen en elektronengaten. 

Het gelijktijdige gebruik van de twee gates geeft een superieure controle over de 

verschuiving van de drempelspanning en over de polariteit van de loodsulfide CQD 

veldeffecttransistoren door effectieve beheersing van het geleidingskanaal. Verder 

toonden we aan dat CQDs volledig bruikbaar zijn voor technologieën met meerdere 

gates, wat mogelijkheden oplevert voor het ontwerp van op CQD-gebaseerde 

schakelingen in toekomstige geïntegreerde schakelingen. 

De weg naar integratie van quantum dots in deze schakelingen is beschreven 

in Hoofdstuk 3, in de vorm van de eerste hybride inverter. Deze is gemaakt van 

transistoren met loodsulfide CQDs als n-type materiaal en enkelwandige 

koolstofnanobuizen (SWCNTs) als p-type materiaal. Deze combinatie van 

veldeffecttransistoren met een dubbellagige gate van polymeren met een hoge 

dïelektrische constante, P(VDF-TrFE-CFE)/PMMA, heeft complementaire 

karakteristieken die het mogelijk maken om ze in CMOS-achtige elektronica te 

gebruiken. De inverter is gekenmerkt door zijn sub-1V werking met de hoogst 

gerapporteerde statische versterking (76 V/V) en ruismarges (80%, berekend volgens 

het principe van maximum gelijke criteria) voor apparaten die volledig vanuit 

oplossing verwerkt zijn. 

In Hoofdstuk 4 verkennen we de eerste lichtuitstralende veldeffecttransistor 

op basis van quantum dots (QDLEFET) met een vastestof-gate. We tonen aan dat het 

mogelijk is om met een enkele transistor nabij-infrarood licht te genereren en stroom 

te schakelen. De werking van de QDLEFET is  state of the art met een 

elektronmobiliteit van 0.06 cm2 V-1 s-1 en een aan-uit-verhouding van 104. Bij 
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kamertemperatuur is de externe kwantumefficiëntie (EQE) van de lichtproductie 

1.3∙10-5. Om meer inzicht te krijgen in de oorzaak van de relatief lage EQE en in de 

details van het ladingstransport hebben we elektroluminescentie- (EL) en 

geleidingsexperimenten uitgevoerd bij lage temperatuur. We ontdekten dat de EL 

EQE sterk verbeterd bij lagere temperaturen: bij temperaturen lager dan 100 K is deze 

1%. De oorzaak van deze verbetering ligt in de afname van de mate waarin excitonen 

ontbinden. Dit geschiedt via het hoppen van ladingsdragers tussen 

transportenergieniveaus in CQD-lagen met behulp van fononen. Onze argumenten 

werden versterkt door de geleidingsexperimenten, die aantoonden dat het 

mechanisme van ladingstransport in loodsulfide CQD-lagen plaatsvindt via Mott-type 

hoppen over variabele afstanden. Daarnaast konden we de aanwezigheid van 

elektronengatvallen in de bandkloof identificeren; dit is sterk van invloed op het 

transport van elektronengaten in ambipolaire loodsulfide QDs veldeffecttransistoren. 

Na het aantonen van de conceptapparaten in de hoofdstukken 2,3 en 4 laten 

we in Hoofdstuk 5 zien dat loodsulfide CQDs volledig compatibel zijn met industriële 

technieken voor opschaling, zoals fotolithografie en nat etsen. We laten voor het eerst 

zien dat een lithografisch geëtste loodsulfide CQDs-laag gebruikt kan worden als 

materiaal voor krachtige lichtgevoelige transistoren. Daarnaast ontwikkelen we een 

methode waarmee we via lithografie de bovenste contactelektrodes kunnen maken, 

om zo het ontstaan van injectiebarrières tegen te gaan. Voor de eerste keer 

publiceerden we de kantelfrequentie van de loodsulfide quantum dot 

veldeffecttransistoren, die bepaald werd op 400 kHz. De transistoren laten ook 

responsiviteit op nabij-infrarood licht zien, wat aantoont dat loodsulfide CQDs 

gebruikt kunnen worden als materiaal in opto-elektronische apparaten die werken in 

het medium frequency-spectrum. 

Dit proefschrift toont een set van verschillende apparaten gemaakt met 

loodsulfide CQDs, samen met de fundamentele beschrijving van optische en 

elektronische processen die in lagen van deze quantum dots plaats vinden. Onze 

bevindingen, gecombineerd met die van anderen, suggereren dat CQDs veel potentie 

hebben om tot commercieel vatbare technologieën te leiden. Hierbij moet vooral 

worden gedacht aan gebieden waar traditionele halfgeleiders sterke beperkingen 

hebben, zoals de emissie en detectie van licht in het nabij-infraroodspectrum. 

Translated by Bart Groeneveld  
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