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Fundamental of nanoeletronics Charging of quantum dots, Coulomb blockade, Quantum mechanical 

treatment of quantum wells, wires and dots, Widening of bandgap in quantum dots, Strong and weak 

confinement, spin field effect transistor. Single electron transistors, other SET and FET structure.  
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Quantum dot 

A quantum dot is a semiconductor whose excitons are confined in all three spatial dimensions. Consequently, 

such materials have electronic properties intermediate between those of bulk semiconductors and those of 

discrete molecules. They were discovered at the beginning of the 1980s by Alexei Ekimov in a glass matrix and 

by Louis E. Brus in colloidal solutions. The term "quantum dot" was coined by Mark Reed. 

Researchers have studied quantum dots in transistors, solar cells, LEDs, and diode lasers. They have also 

investigated quantum dots as agents for medical imaging and hope to use them as qubits. 

Stated simply, quantum dots are semiconductors whose electronic characteristics are closely related to the 

size and shape of the individual crystal. Generally, the smaller the size of the crystal, the larger the band gap, 

the greater the difference in energy between the highest valence band and the lowest conduction band 

becomes, therefore more energy is needed to excite the dot, and concurrently, more energy is released when 

the crystal returns to its resting state. For example, in fluorescent dye applications, this equates to higher 

frequencies of light emitted after excitation of the dot as the crystal size grows smaller, resulting in a color 

shift from red to blue in the light emitted. In addition to such tuning, a main advantage with quantum dots is 

that, because of the high level of control possible over the size of the crystals produced, it is possible to have 

very precise control over the conductive properties of the material. Quantum dots of different sizes can be 

assembled into a gradient multi-layer nanofilm. 

 

Figure 4.1 Colloidal quantum dots irradiated with a UV light. Different sized quantum dots emit different color 

light due to quantum confinement.  

3D confined electron wave functions in a Quantum Dot. Here, rectangular and triangular-shaped quantum 

dots are shown. Energy states in rectangular dots are o e s-type  a d p-type . Ho e e , i  a t ia gula  dot 
the wave functions are mixed due to confinement symmetry. 

In an unconfined (bulk) semiconductor, an electron-hole pair is typically bound within a characteristic length, 

called the exciton Bohr radius. This is estimated by replacing the positively charged atomic core with the hole 

in the Bohr formula. If the electron and hole are constrained further, then properties of the semiconductor 

change. This effect is a form of quantum confinement, and it is a key feature in many emerging electronic 

structures.  

Besides confinement in all three dimensions i.e. Quantum Dot - other quantum confined semiconductors 

include: 

 Quantum wires, which confine electrons or holes in two spatial dimensions and allow free propagation 

in the third.  

 Quantum wells, which confine electrons or holes in one dimension and allow free propagation in two 

dimensions.  
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Production 

There are several ways to confine excitons in semiconductors, resulting in different methods to produce 

quantum dots. In general, quantum wires, wells and dots are grown by advanced epitaxial techniques in 

nanocrystals produced by chemical methods or by ion implantation, or in nanodevices made by state-of-the-

art lithographic techniques.  

Colloidal synthesis 

Colloidal semiconductor nanocrystals are synthesized from precursor compounds dissolved in solutions, much 

like traditional chemical processes. The synthesis of colloidal quantum dots is based on a three-component 

system composed of: precursors, organic surfactants, and solvents. When heating a reaction medium to a 

sufficiently high temperature, the precursors chemically transform into monomers. Once the monomers reach 

a high enough supersaturation level, the nanocrystal growth starts with a nucleation process. The temperature 

during the growth process is one of the critical factors in determining optimal conditions for the nanocrystal 

growth. It must be high enough to allow for rearrangement and annealing of atoms during the synthesis 

process while being low enough to promote crystal growth. Another critical factor that has to be stringently 

controlled during nanocrystal growth is the monomer concentration. The growth process of nanocrystals can 

o u  i  t o diffe e t egi es, fo usi g  a d defo usi g . At high o o e  o e t atio s, the iti al size 
(the size where nanocrystals neither grow nor shrink) is relatively small, resulting in growth of nearly all 

particles. In this regime, smaller particles grow faster than large ones (since larger crystals need more atoms to 

g o  tha  s all ystals) esulti g i  fo usi g  of the size dist i utio  to yield ea ly o odispe se pa ti les. 
The size focusing is optimal when the monomer concentration is kept such that the average nanocrystal size 

present is always slightly larger than the critical size. When the monomer concentration is depleted during 

growth, the critical size becomes larger than the average size p ese t, a d the dist i utio  defo uses  as a 
result of Ostwald ripening. 

There are colloidal methods to produce many different semiconductors. Typical dots are made of binary alloys 

such as cadmium selenide, cadmium sulfide, indium arsenide, and indium phosphide. Although, dots may also 

be made from ternary alloys such as cadmium selenide sulfide. These quantum dots can contain as few as 100 

to 100,000 atoms within the quantum dot volume, with a diameter of 10 to 50 atoms. This corresponds to 

about 2 to 10 nanometers, and at 10 nm in diameter, nearly 3 million quantum dots could be lined up end to 

end and fit within the width of a human thumb. 

Large batches of quantum dots may be synthesized via colloidal synthesis. Due to this scalability and the 

convenience of benchtop conditions, colloidal synthetic methods are promising for commercial applications. It 

is acknowledged to be the least toxic of all the different forms of synthesis. 

Fabrication 

 Self-assembled quantum dots are typically between 5 and 50 nm in size. Quantum dots defined by 

lithographically patterned gate electrodes or by etching on two-dimensional electron gases in 

semiconductor heterostructures can have lateral dimensions exceeding 100 nm.  

 Some quantum dots are small regions of one material buried in another with a larger band gap. These 

can be so-called core-shell structures, e.g., with CdSe in the core and ZnS in the shell or from special 

forms of silica called ormosil.  

 Quantum dots sometimes occur spontaneously in quantum well structures due to monolayer 

fluctuations in the well's thickness.  

 Self-assembled quantum dots nucleate spontaneously under certain conditions during molecular beam 

epitaxy (MBE) and metallorganic vapor phase epitaxy (MOVPE), when a material is grown on a 

substrate to which it is not lattice matched. The resulting strain produces coherently strained islands 

on top of a two-dimensional "wetting-layer." This growth mode is known as Stranski–Krastanov 

growth. The islands can be subsequently buried to form the quantum dot. This fabrication method has 

potential for applications in quantum cryptography (i.e. single photon sources) and quantum 

computation. The main limitations of this method are the cost of fabrication and the lack of control 

over positioning of individual dots.  
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 Individual quantum dots can be created from two-dimensional electron or hole gases present in 

remotely doped quantum wells or semiconductor heterostructures called lateral quantum dots. The 

sample surface is coated with a thin layer of resist. A lateral pattern is then defined in the resist by 

electron beam lithography. This pattern can then be transferred to the electron or hole gas by etching, 

or by depositing metal electrodes (lift-off process) that allow the application of external voltages 

between the electron gas and the electrodes. Such quantum dots are mainly of interest for 

experiments and applications involving electron or hole transport, i.e., an electrical current.  

 The energy spectrum of a quantum dot can be engineered by controlling the geometrical size, shape, 

and the strength of the confinement potential. Also, in contrast to atoms, it is relatively easy to 

connect quantum dots by tunnel barriers to conducting leads, which allows the application of the 

techniques of tunneling spectroscopy for their investigation.  

 The quantum dot absorption features correspond to transitions between discrete, three-dimensional 

particle in box states of the electron and the hole, both confined to the same nanometer-size box. 

These discrete transitions are reminiscent of atomic spectra and have resulted in quantum dots also 

being called artificial atoms.  

 Confinement in quantum dots can also arise from electrostatic potentials (generated by external 

electrodes, doping, strain, or impurities).  

Viral assembly 

Lee et al. (2002) reported using genetically engineered M13 bacteriophage viruses to create quantum dot 

biocomposite structures. As a background to this work, it has previously been shown that genetically 

engineered viruses can recognize specific semiconductor surfaces through the method of selection by 

combinatorial phage display. Additionally, it is known that liquid crystalline structures of wild-type viruses (Fd, 

M13, and TMV) are adjustable by controlling the solution concentrations, solution ionic strength, and the 

external magnetic field applied to the solutions. Consequently, the specific recognition properties of the virus 

can be used to organize inorganic nanocrystals, forming ordered arrays over the length scale defined by liquid 

crystal formation. Using this information, Lee et al. (2000) were able to create self-assembled, highly oriented, 

self-supporting films from a phage and ZnS precursor solution. This system allowed them to vary both the 

length of bacteriophage and the type of inorganic material through genetic modification and selection. 

Electrochemical assembly 

Highly ordered arrays of quantum dots may also be self-assembled by electrochemical techniques. A template 

is created by causing an ionic reaction at an electrolyte-metal interface which results in the spontaneous 

assembly of nanostructures, including quantum dots, onto the metal which is then used as a mask for mesa-

etching these nanostructures on a chosen substrate. 

Bulk-manufacture 

Conventional, small-s ale ua tu  dot a ufa tu i g elies o  a p o ess alled high te pe atu e dual 
i je tio  hi h is i p a ti al fo  ost o e ial appli atio s that e ui e la ge ua tities of ua tu  dots. 
A reproducible method for creating larger quantities of consistent, high-quality quantum dots involves 

producing nanoparticles from chemical precursors in the presence of a molecular cluster compound under 

conditions whereby the integrity of the molecular cluster is maintained and acts as a prefabricated seed 

template. Individual molecules of a cluster compound act as a seed or nucleation point upon which 

nanoparticle growth can be initiated. In this way, a high temperature nucleation step is not necessary to 

initiate nanoparticle growth because suitable nucleation sites are already provided in the system by the 

molecular clusters. A significant advantage of this method is that it is highly scalable. 

Cadmium-free quantum dots 

Cadmium-f ee ua tu  dots a e also alled CFQD . I  a y egio s of the o ld the e is now a restriction or 

ban on the use of heavy metals in many household goods which means that most cadmium based quantum 

dots are unusable for consumer-goods applications. 
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For commercial viability, a range of restricted, heavy metal-free quantum dots has been developed showing 

bright emissions in the visible and near infra-red region of the spectrum and have similar optical properties to 

those of CdSe quantum dots. 

Cadmium and other restricted heavy metals used in conventional quantum dots is of a major concern in 

commercial applications. For Quantum Dots to be commercially viable in many applications they must not 

contain cadmium or other restricted metal elements.  

A new type of CFQD can be made from rare earth (RE) doped oxide colloidal phosphor nanoparticles. Unlike 

semiconductor nanoparticles, excitation was due to UV absorption of host material, which is same for 

different RE doped materials using same host. Multiplexing applications can be thus realized. The emission 

depends on the type of RE, which enables very large stokes shift and is narrower than CdSe QDs. The synthesis 

is aqueous based, which eliminated issues of water solubility for biological applications. The oxide surface 

might be easier for chemical functionalizion more and chemically stable in various environments. Some 

reports exist concerning the use of such phosphor nanoparticles on biological targeting and imaging.  

Optical properties 

An immediate optical feature of colloidal quantum dots is their coloration. While the material which makes up 

a quantum dot defines its intrinsic energy signature, the nanocrystal's quantum confined size is more 

significant at energies near the band gap. Thus quantum dots of the same material, but with different sizes, 

can emit light of different colors. The physical reason is the quantum confinement effect. 

The larger the dot, the redder (lower energy) its fluorescence spectrum. Conversely, smaller dots emit bluer 

(higher energy) light. The coloration is directly related to the energy levels of the quantum dot. Quantitatively 

speaking, the band gap energy that determines the energy (and hence color) of the fluorescent light is 

inversely proportional to the size of the quantum dot. Larger quantum dots have more energy levels which are 

also more closely spaced. This allows the quantum dot to absorb photons containing less energy, i.e., those 

closer to the red end of the spectrum. Recent articles in nanotechnology and in other journals have begun to 

suggest that the shape of the quantum dot may be a factor in the coloration as well, but as yet not enough 

information is available. Furthermore, it was shown that the lifetime of fluorescence is determined by the size 

of the quantum dot. Larger dots have more closely spaced energy levels in which the electron-hole pair can be 

trapped. Therefore, electron-hole pairs in larger dots live longer causing larger dots to show a longer lifetime. 

As with any crystalline semiconductor, a quantum dot's electronic wave functions extend over the crystal 

lattice. Similar to a molecule, a quantum dot has both a quantized energy spectrum and a quantized density of 

electronic states near the edge of the band gap. 

Qdots can be synthesized with larger (thicker) shells (CdSe qdots with CdS shells). The shell thickness has 

shown direct correlation to the lifetime and emission intensity. 

Application of Quantum dots  

Quantum dots are particularly significant for optical applications due to their high extinction co-efficient. In 

electronic applications they have been proven to operate like a single-electron transistor and show the 

Coulomb blockade effect. Quantum dots have also been suggested as implementations of qubits for quantum 

information processing. 

The ability to tune the size of quantum dots is advantageous for many applications. For instance, larger 

quantum dots have a greater spectrum-shift towards red compared to smaller dots, and exhibit less 

pronounced quantum properties. Conversely, the smaller particles allow one to take advantage of more subtle 

quantum effects. 

 
Figure 4.2 a wireless device that efficiently produces visible light. 
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Researchers at Los Alamos National Laboratory have developed a wireless device that efficiently produces 

visible light, through energy transfer from thin layers of quantum wells to crystals above the layers. 

Being zero dimensional, quantum dots have a sharper density of states than higher-dimensional structures. As 

a result, they have superior transport and optical properties, and are being researched for use in diode lasers, 

amplifiers, and biological sensors. Quantum dots may be excited within the locally enhanced electromagnetic 

field produced by the gold nanoparticles, which can then be observed from the surface Plasmon resonance in 

the photo luminescent excitation spectrum of (CdSe) ZnS nanocrystals. High-quality quantum dots are well 

suited for optical encoding and multiplexing applications due to their broad excitation profiles and 

narrow/symmetric emission spectra. The new generations of quantum dots have far-reaching potential for the 

study of intracellular processes at the single-molecule level, high-resolution cellular imaging, long-term in vivo 

observation of cell trafficking, tumor targeting, and diagnostics. 

Computing 

Quantum dot technology is one of the most promising candidates for use in solid-state quantum computation. 

By applying small voltages to the leads, the flow of electrons through the quantum dot can be controlled and 

thereby precise measurements of the spin and other properties therein can be made. With several entangled 

quantum dots, or qubits, plus a way of performing operations, quantum calculations and the computers that 

would perform them might be possible. 

Biology 

In modern biological analysis, various kinds of organic dyes are used. However, with each passing year, more 

flexibility is being required of these dyes, and the traditional dyes are often unable to meet the expectations. 

To this end, quantum dots have quickly filled in the role, being found to be superior to traditional organic dyes 

on several counts, one of the most immediately obvious being brightness (owing to the high extinction co-

efficient combined with a comparable quantum yield to fluorescent dyes as well as their stability (allowing 

much less photo bleaching). It has been estimated that quantum dots are 20 times brighter and 100 times 

more stable than traditional fluorescent reporters. For single-particle tracking, the irregular blinking of 

quantum dots is a minor drawback. 

Semiconductor quantum dots have also been employed for in vitro imaging of pre-labeled cells. The ability to 

image single-cell migration in real time is expected to be important to several research areas such as 

embryogenesis, cancer metastasis, stem-cell therapeutics, and lymphocyte immunology. 

Scientists have proven that quantum dots are dramatically better than existing methods for delivering a gene-

silencing tool, known as siRNA, into cells.  

First attempts have been made to use quantum dots for tumor targeting under in vivo conditions. There exist 

two basic targeting schemes: active targeting and passive targeting. In the case of active targeting, quantum 

dots are functionalized with tumor-specific binding sites to selectively bind to tumor cells. Passive targeting 

utilizes the enhanced permeation and retention of tumor cells for the delivery of quantum dot probes. Fast-

growing tumor cells typically have more permeable membranes than healthy cells, allowing the leakage of 

small nanoparticles into the cell body. Moreover, tumor cells lack an effective lymphatic drainage system, 

which leads to subsequent nanoparticle-accumulation. 

One of the remaining issues with quantum dot probes is their potential in vivo toxicity. For example, CdSe 

nanocrystals are highly toxic to cultured cells under UV illumination. The energy of UV irradiation is close to 

that of the covalent chemical bond energy of CdSe nanocrystals. As a result, semiconductor particles can be 

dissolved, in a process known as photolysis, to release toxic cadmium ions into the culture medium. In the 

absence of UV irradiation, however, quantum dots with a stable polymer coating have been found to be 

essentially nontoxic. Then again, only little is known about the excretion process of quantum dots from living 

organisms. These and other questions must be carefully examined before quantum dot applications in tumor 

or vascular imaging can be approved for human clinical use. 

Another potential cutting-edge application of quantum dots is being researched, with quantum dots acting as 

the inorganic fluorophore for intra-operative detection of tumors using fluorescence spectroscopy. 
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Photovoltaic devices 

Quantum dots may be able to increase the efficiency and reduce the cost of today's typical silicon photovoltaic 

cells. According to an experimental proof from 2006 (controversial results), quantum dots of lead selenide can 

produce as many as seven excitons from one high energy photon of sunlight (7.8 times the band gap energy). 

This compares favorably to today's photovoltaic cells which can only manage one exciton per high-energy 

photon, with high kinetic energy carriers losing their energy as heat. This would not result in a 7-fold increase 

in final output however, but could boost the maximum theoretical efficiency from 31% to 42%. Quantum dot 

photovoltaics would theoretically be cheaper to manufacture, as they can be made "using simple chemical 

reactions." The generation of more than one exciton by a single photon is called multiple exciton generation 

(MEG) or carrier multiplication. 

Light emitting devices 

There are several inquiries into using quantum dots as light-emitting diodes to make displays and other light 

sources, such as "QD-LED" displays, and "QD-WLED" (White LED). In June, 2006, QD Vision announced 

technical success in making a proof-of-concept quantum dot display and shows a bright emission in the visible 

and near infra-red region of the spectrum. Quantum dots are valued for displays, because they emit light in 

very specific gaussian distributions. This can result in a display that more accurately renders the colors that the 

human eye can perceive. Quantum dots also require very little power since they are not color filtered. 

Additionally, since the discovery of "white-light emitting" QD, general solid-state lighting applications appear 

closer than ever. A color liquid crystal display (LCD), for example, is usually powered by a single fluorescent 

lamp (or occasionally, conventional white LEDs) that is color filtered to produce red, green, and blue pixels. 

Displays that intrinsically produce monochromatic light can be more efficient, since more of the light produced 

reaches the eye.  

Concept of Quantum wire  

In condensed matter physics, a quantum wire is an electrically conducting wire, in which quantum effects are 

affecting transport properties. Due to the quantum confinement of conduction electrons in the transverse 

direction of the wire, their transverse energy is quantized into a series of discrete values E0 ("ground state" 

energy, with lower value), E1... (Particle in a box, quantum harmonic oscillator). One consequence of this 

quantization is that the classical formula for calculating the electrical resistivity of a wire: is not valid for 

quantum wires (where ρ is the resistivity, l is the length, and A is the cross-sectional area of the wire). 

Instead, an exact calculation of the transverse energies of the confined electrons has to be performed to 

calculate a wire's resistance. Following from the quantization of electron energy, the resistance is also found 

to be quantized. 

The importance of the quantization is inversely proportional to the diameter of the nanowire for a given 

material. From material to material, it is dependent on the electronic properties, especially on the effective 

mass of the electrons. In simple words, it means that it will depend on how conduction electrons interact with 

the atoms within a given material. In practice, semiconductors show clear conductance quantization for large 

wire transverse dimensions (100 nm) because the electronic modes due to confinement are spatially 

extended. As a result their Fermi wavelengths are large and thus they have low energy separations. This 

means that they can only be resolved at cryogenic temperature (few Kel i s) where the thermal excitation 

energy is lower than the inter-mode energy separation. 

For metals, quantization corresponding to the lowest energy states is only observed for atomic wires. Their 

corresponding wavelength being thus extremely small they have a very large energy separation which makes 

resistance quantization perfectly observable at room temperature. 

Carbon nanotubes as quantum wires 

It is possible to make quantum wires out of metallic carbon nanotubes, at least in limited quantities. The 

advantages of making wires from carbon nanotubes include their high electrical conductivity (due to high 

electron mobility), light weight, small diameter, low chemical reactivity, and high tensile strength. The major 

drawback (as of 2005) is cost. 
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It has been claimed that it is possible to create macroscopic quantum wires. With a rope of carbon nanotubes, 

it is not necessary for any single fiber to travel the entire length, since quantum tunneling will allow electrons 

to jump from strand to strand. This makes quantum wires interesting for commercial uses. 

In April 2005, NASA invested $11 million over four years with Rice University to develop quantum wire with 10 

times better conductivity than copper at one-sixth the weight. It would be made with carbon nanotubes and 

would help reduce the weight of the next generation shuttle; but can also have wide ranging applications. 

Concept of Quantum well Potential well  

A potential well is the region surrounding a local minimum of potential energy. Energy captured in a 

potential well is unable to convert to another type of energy (kinetic energy in the case of a gravitational 

potential well) because it is captured in the local minimum of a potential well. Therefore, a body may not 

proceed to the global minimum of potential energy, as it would naturally tend to due to entropy. 

A quantum well is a potential well with only discrete energy values. 

One technology to create quantization is to confine particles, which were originally free to move in three 

dimensions, to two dimensions, forcing them to occupy a planar region. The effects of quantum confinement 

take place when the quantum well thickness becomes comparable at the de Broglie wavelength of the carriers 

(generally electrons and holes); leading to energy levels called "energy subbands", i.e., the carriers can only 

have discrete energy values. 

Fabrication 

Quantum wells are formed in semiconductors by having a material, like gallium arsenide sandwiched 

between two layers of a material with a wider bandgap, like aluminium arsenide. These structures can be 

grown by molecular beam epitaxy or chemical vapor deposition with control of the layer thickness down to 

monolayers. 

Thin metal films can also support quantum well states, in particular, metallic thin over layers grown in metal 

and semiconductor surfaces. The electron (or hole) is confined by the vacuum-metal interface in one side, and 

in general, by an absolute gap with semiconductor substrates, or by a projected band gap with metal 

substrates. 

Application of Quantum well  

Because of their quasi-two dimensional nature, electrons in quantum wells have a density of states as a 

function of energy that has distinct steps, versus a smooth square root dependence that is found in bulk 

materials. Additionally, the effective mass of holes in the valence band is changed to more closely match that 

of electrons in the conduction band. These two factors, together with the reduced amount of active material 

in quantum wells, leads to better performance in optical devices such as laser diodes. As a result quantum 

wells are in wide use in diode lasers, including red lasers for DVDs and laser pointers, infra-red lasers in fiber 

optic transmitters, or in blue lasers. They are also used to make HEMTs (High Electron Mobility Transistors), 

which are used in low-noise electronics. Quantum well infrared photo detectors are also based on quantum 

wells, and are used for infrared imaging. 

By doping either the well itself, or preferably, the barrier of a quantum well with donor impurities, a two-

dimensional electron gas (2DEG) may be formed. Such as structure forms the conducting channel of a HEMT, 

and has interesting properties at low temperature. One such property is the quantum Hall effect, seen at high 

magnetic fields. Acceptor dopants can lead to a two-dimensional hole gas (2DHG). 

Quantum well can be fabricated as saturable absorber utilizing its saturable absorption property. Saturable 

absorber is widely used in passively mode locking lasers. Semiconductor saturable absorbers (SESAMs) were 

used for laser mode-locking as early as 1974 when p-type germanium is used to mode lock a CO2 laser which 

generated pulses ~500 ps. Modern SESAMs are III-V semiconductor single quantum well (SQW) or multiple 

quantum wells grown on semiconductor distributed Bragg reflectors (DBRs). They were initially used in a 

Resonant Pulse Mode locking (RPM) scheme as starting mechanisms for Ti: sapphire lasers which employed 

KLM as a fast saturable absorber. RPM is another coupled-cavity mode-locking technique. Different from APM 

lasers which employ non-resonant Kerr-type phase nonlinearity for pulse shortening, RPM employs the 

amplitude nonlinearity provided by the resonant band filling effects of semiconductors. SESAMs were soon 
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developed into intracavity saturable absorber devices because of more inherent simplicity with this structure. 

Since then, the use of SESAMs has enabled the pulse durations, average powers, pulse energies and repetition 

rates of ultrafast solid-state lasers to be improved by several orders of magnitude. Average powers of 60 W 

and repetition rate up to 160 GHz were obtained. By using SESAM-assisted KLM, sub-6 fs pulses directly from a 

Ti: sapphire oscillator was achieved. A major advantage SESAMs have over other saturable absorber 

techniques is that absorber parameters can be easily controlled over a wide range of values. For example, 

saturation fluence can be controlled by varying the reflectivity of the top reflector while modulation depth and 

recovery time can be tailored by changing the low temperature growing conditions for the absorber layers. 

This freedom of design has further extended the application of SESAMs into mode locking of fibre lasers where 

a relatively high modulation depth is needed to ensure self-starting and operation stability. Fibre lasers 

o ki g at ~1 μ  a d 1.5 μ  e e su essfully de o st ated.  
Coulomb blockade 

In physics, a Coulomb blockade (abbreviated CB), named after Charles-Augustin de Coulomb's electrical force, 

is the increased resistance at small bias voltages of an electronic device comprising at least one low-

capacitance tunnel junction. Because of the QB, the resistances of devices are not constant at low bias 

voltages, but increase to infinity for zero bias (i.e. no current flows). 

Coulomb Blockade in a Tunnel Junction 

A tunnel junction is, in its simplest form, a thin insulating barrier between two conducting electrodes. If the 

electrodes are superconducting e.g. Cooper pairs with a charge of two elementary charges carry the current. 

In the case that the electrodes are normal conducting, i.e. super neither conducting nor semiconducting, 

electrons with a charge of one elementary charge carry the current. The following reasoning is for the case of 

tunnel junctions with an insulating barrier between two normal conducting electrodes (NIN junctions). 

According to the laws of classical electrodynamics, no current can flow through an insulating barrier. 

According to the laws of quantum mechanics, however, there is a non-vanishing (larger than zero) probability 

for an electron on one side of the barrier to reach the other side (see quantum tunnelling). When a bias 

voltage is applied, this means that there will be a current, neglecting additional effects, the tunnelling current 

will be proportional to the bias voltage. In electrical terms, the tunnel junction behaves as a resistor with a 

constant resistance, also known as an ohmic resistor. The resistance depends exponentially on the barrier 

thickness. Typical barrier thicknesses are on the order of one to several nanometers. 

An arrangement of two conductors with an insulating layer in between not only has a resistance, but also a 

finite capacitance. The insulator is also called dielectric in this context; the tunnel junction behaves as a 

capacitor. 

Due to the discreteness of electrical charge, current through a tunnel junction is a series of events in which 

exactly one electron passes (tunnels) through the tunnel barrier (we neglect co tunneling, in which two 

electrons tunnel simultaneously). The tunnel junction capacitor is charged with one elementary charge by the 

tunnelling electron, causing a voltage buildup U = e / C, where e is the elementary charge of 

1.6×10−19 coulomb and C the capacitance of the junction. If the capacitance is very small, the voltage buildup 

can be large enough to prevent another electron from tunnelling. The electrical current is then suppressed at 

low bias voltages and the resistance of the device is no longer constant. The increase of the differential 

resistance around zero bias is called the Coulomb blockade. 

Observing the Coulomb Blockade 

In order for the Coulomb blockade to be observable, the temperature has to be low enough so that the 

characteristic charging energy (the energy that is required to charge the junction with one elementary charge) 

is larger than the thermal energy of the charge carriers. For capacitances above 1 femtofarad (10−15 farad), this 

implies that the temperature has to be below about 1 Kelvin. This temperature range is routinely reached for 

example by dilution refrigerators. 

To make a tunnel junction in plate condenser geometry with a capacitance of 1 femtofarad, using an oxide 

layer of electric permittivity 10 and thickness one nanometer, one has to create electrodes with dimensions of 

approximately 100 by 100 nanometers. This range of dimensions is routinely reached for example by electron 
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beam lithography and appropriate pattern transfer technologies, like the Niemeyer-Dolan technique, also 

known as shadow evaporation technique. 

Another problem for the observation of the Coulomb blockade is the relatively large capacitance of the leads 

that connect the tunnel junction to the measurement electronics. 

Single electron transistor 

The simplest device in which the effect of Coulomb blockade can be observed is the so-called single electron 

transistor. It consists of two tunnel junctions sharing one common electrode with a low self-capacitance, 

known as the island. The electrical potential of the island can be tuned by a third electrode (the gate), 

capacitively coupled to the island. 

In the blocking state no accessible energy levels are within tunneling range of the electron (red) on the source 

contact. All energy levels on the island electrode with lower energies are occupied. 

When a positive voltage is applied to the gate electrode the energy levels of the island electrode are lowered. 

The electron (green 1.) can tunnel onto the island (2.), occupying a previously vacant energy level. From there 

it can tunnel onto the drain electrode (3.) where it inelastically scatters and reaches the drain electrode Fermi 

level (4.). 

The energy levels of the island electrode are evenly spaced with a separation of ΔE. ΔE is the energy needed to 

each subsequent electron to the island, which acts as a self-capacitance C. The lower C the bigger ΔE gets. To 

achieve the Coulomb blockade, three criteria have to be met: 

1. the bias voltage can't exceed the charging energy divided by the capacitance Vbias =  ;  

2. the thermal energy kBT must be below the charging energy EC = , or else the electron will be able to 

pass the QB via thermal excitation; and  

3. The tunneling resistance (Rt) should be greater than, which is derived from Heisenberg's Uncertainty 

principle.  

Coulomb Blockade Thermometer 

A typical Coulomb Blockade Thermometer (CBT) is made from an array of metallic islands, connected to each 

other through a thin insulating layer. A tunnel junction forms between the islands, and as voltage is applied, 

electrons may tunnel across this junction. The tunneling rates and hence the conductance vary according to 

the charging energy of the islands as well as the thermal energy of the system. 

Coulomb Blockade Thermometer is a primary thermometer based on electric conductance characteristics of 

tunnel junction arrays.  

 Nanofluidic logic devices 

 Transport is proportional to applied bias (resistor)  

 Transport can be made to move in one direction (diode)  

 Control of gain is possible by introduction of third pole (transistor)  

Field-effect transistors 

By applying an additional electrode on the nanochannel as the gate electrode, it is possible to adjust the 

electrical potential inside the channel. A nanofluidic field-effect transistor can be made of silica nanotubes 

with an oxide as the dielectric material between the metal gate electrode and the channel. The tuning of the 

ionic current, therefore, can be achieved by changing the voltage applied on the gate. The gate bias and the 

source-drain bias are applied to adjust the cation and anion concentration within the nanochannel, therefore 

tuning the ionic current flowing through it. 

This concept is an analogy to the structure of a metal-oxide semiconductor field-effect transistor (MOSFET) in 

electronic circuits. Similar to a MOSFET, a nanofluidic transistor is the fundamental element for building a 

nanofluidic circuitry. There is possibility to achieve a nanofluidic circuitry, which is capable of logic operation 

and manipulation for ionic particles. 

Since the conductance of ionic current flow is controlled by the gate voltage, using a material with high 

dielectric constant as the wall of the channel is desired. In this case, there is a stronger field seen within the 

channel due to a higher gate capacitance. A channel surface with a low surface charge is also desired in order 
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to strengthen the effect of potential tuning by gate electrode. This increases the ability to spatially and 

temporally tune the ionic and electrostatic environment in the channel. 

 

 
Figure 4.3 A nanofluidic field-effect transistor 

 
Figure 4.4 A nanofluidic bipolar transistor 

Ionic bipolar transistors 

Ionic bipolar transistors can be made from two conical channels with the smallest opening in nano-scaled 

dimension. By introducing opposite surface charges at each side, it is able to rectify ionic current as a ionic 

diode. Ionic bipolar transistor is built by combining two ionic diodes and forming a PNP junction along the 

inner surface of the channel. While the ionic current flows from emitter end to collector end, the strength of 

the current can be modulate by the base electrode. The surface charge at the channel wall can be modified 

using chemical methods, by changing the electrolyte concentration or pH value. 

Ionic triodes 

Nanofuidic triode is a three-terminal double junction nanofluidic device composed of positive-charged 

alumina and negative-charged silica nanochannels. The device is essentially a three-terminal bipolar junction 

transistor. By controlling the voltage across emitter and collector terminals, one can regulate the ion current 

from base terminal to one of the other two terminals, functioning as an ionic single-pole, double-throw 

switch. 

Size effect of nanostructures 

 Width of nanochannels 

When surface charges present at the wall of a channel of micro-scaled width, counterions are attracted and 

co-ions are repelled by electrostatic force. The counterions form a shielding area near the wall. These regions 

penetrate into solution to a certain distance called Debye length until the electric potential decays to the bulk 

value of neutrality. The Debye length is ranging typically from 1 nm to 100 nm for aqueous solutions. 

In nano-channels, the Debye length is usually comparable with the channel width, therefore solution within 

the channel is charged. An ion inside the fluid is no longer shielded from surface charge. Instead, surface 

charge affects the dynamics of ions within a nano-channel. 

 
Figure4.5 Micro fluidic channel, electrically neutral 

inside the channel 

 
Figure4.6 Nanofluidic channel, electrically charged 

inside the channel 
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 Length of nanochannels 

It requires a channel to be narrow and long for it to have a good selectivity. In other words, a channel with a 

high aspect ratio has a better selectivity. To further increase its selectivity, it is required to have a highly 

charged wall. 

The performance of ionic selectivity also largely related to the applied bias. With a low bias, a high selectivity 

is observed. With the increase of the bias voltage, there is a apparent decrease in the selectivity. For a nano-

channel with a low aspect ratio, high selectivity is possible when the bias voltage is low. 

 
Figure4.7 Long channel and low bias voltage result in 

high selectivity 

 
 Figure 4.8 Short channel and high bias voltage result 

in low selectivity 

Fabrication 

The advantage of nanofluidic devices is from its feasibility to be integrated with electronic circuitry. Because 

they are built using the same manufacturing technology, it is possible to make a nanofluidic system with digital 

integrated circuit on a single chip. Therefore, the control and manipulate of particles in the electrolyte can be 

achieved in a real-time. 

Fabrication of nano-channel is categorized into top-down and bottom-up methods. Top-down methods are 

the conventional processes utilized in the IC industry and Microelectromechanical systems research. It begins 

with photolithography on a bulk silicon wafer. Bottom-up methods, in contrast, starts with atoms or molecules 

with intrinsic nano-scaled dimension. By organize and combine these building blocks together, it is able to 

form a nanostructures as small as only a few nanometers. 

Field-effect transistor 

 

 
Figure 4.9 Cross section of an n-type MOSFET 

The field-effect transistor (FET) relies on an electric field to control the shape and hence the conductivity of a 

channel of one type of charge carrier in a semiconductor material. FETs are sometimes called unipolar 

transistors to contrast their single-carrier-type operation with the dual-carrier-type operation of bipolar 

(junction) transistors (BJT). The concept of the FET predates the BJT, though it was not physically implemented 

until after BJTs due to the limitations of semiconductor materials and the relative ease of manufacturing BJTs 

compared to FETs at the time. 
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History 

The principle of field-effect transistors was first patented by Julius Edgar Lilienfeld in 1925 and by Oskar Heil in 

1934, but practical semi-conducting devices (the JFET, junction gate field-effect transistor) was only developed 

much later after the transistor effect was observed and explained by the team of William Shockley at Bell Labs 

in 1947. The MOSFET (metal–oxide–semiconductor field-effect transistor), which largely superseded the JFET 

and had a more profound effect on electronic development, was first proposed by Dawon Kahng in 1960. 

Terminals 

All FETs have a gate, drain, and source terminal that correspond roughly to the base, collector, and emitter of 

BJTs. Aside from the JFET, all FETs also have a fourth terminal called the body, base, bulk, or substrate. This 

fourth terminal serves to bias the transistor into operation; it is rare to make non-trivial use of the body 

terminal in circuit designs, but its presence is important when setting up the physical layout of an integrated 

circuit. The size of the gate, length L in the diagram, is the distance between source and drain. The width is the 

extension of the transistor, in the diagram perpendicular to the cross section. Typically the width is much 

larger than the length of the gate. A gate length of 1 µm limits the upper frequency to about 5 GHz, 0.2 µm to 

about 30 GHz. 

The names of the terminals refer to their functions. The gate terminal may be thought of as controlling the 

opening and closing of a physical gate. This gate permits electrons to flow through or blocks their passage by 

creating or eliminating a channel between the source and drain. Electrons flow from the source terminal 

towards the drain terminal if influenced by an applied voltage. The body simply refers to the bulk of the 

semiconductor in which the gate, source and drain lie. Usually the body terminal is connected to the highest 

or lowest voltage within the circuit, depending on type. The body terminal and the source terminal are 

sometimes connected together since the source is also sometimes connected to the highest or lowest voltage 

within the circuit, however there are several uses of FETs which do not have such a configuration, such as 

transmission gates and cascode circuits. 

 FET operation 

The FET controls the flow of electrons (or electron holes) from the source to drain by affecting the size and 

shape of a "conductive channel" created and influenced by voltage (or lack of voltage) applied across the gate 

and source terminals (For ease of discussion, this assumes body and source are connected). This conductive 

channel is the "stream" through which electrons flow from source to drain. 

In an n-channel depletion-mode device, a negative gate-to-source voltage causes a depletion region to expand 

in width and encroach on the channel from the sides, narrowing the channel. If the depletion region expands 

to completely close the channel, the resistance of the channel from source to drain becomes large, and the 

FET is effectively turned off like a switch. Likewise a positive gate-to-source voltage increases the channel size 

and allows electrons to flow easily. 

Conversely, in an n-channel enhancement-mode device, a positive gate-to-source voltage is necessary to 

create a conductive channel, since one does not exist naturally within the transistor. The positive voltage 

attracts free-floating electrons within the body towards the gate, forming a conductive channel. But first, 

enough electrons must be attracted near the gate to counter the dopant ions added to the body of the FET; 

this forms a region free of mobile carriers called a depletion region, and the phenomenon is referred to as the 

threshold voltage of the FET. Further gate-to-source voltage increase will attract even more electrons towards 

the gate which are able to create a conductive channel from source to drain; this process is called inversion. 

For either enhancement- or depletion-mode devices, at drain-to-source voltages much less than gate-to-

source voltages, changing the gate voltage will alter the channel resistance, and drain current will be 

proportional to drain voltage (referenced to source voltage). In this mode the FET operates like a variable 

resistor and the FET is said to be operating in a linear mode or ohmic mode.  

If drain-to-source voltage is increased, this creates a significant asymmetrical change in the shape of the 

channel due to a gradient of voltage potential from source to drain. The shape of the inversion region 

becomes "pinched-off" near the drain end of the channel. If drain-to-source voltage is increased further, the 

pinch-off point of the channel begins to move away from the drain towards the source. The FET is said to be in 
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saturation mode; some authors refer to it as active mode, for a better analogy with bipolar transistor 

operating regions. The saturation mode, or the region between ohmic and saturation, is used when 

amplification is needed. The in-between region is sometimes considered to be part of the ohmic or linear 

region, even where drain current is not approximately linear with drain voltage. 

Even though the conductive channel formed by gate-to-source voltage no longer connects source to drain 

during saturation mode, carriers are not blocked from flowing. Considering again an n-channel device, a 

depletion region exists in the p-type body, surrounding the conductive channel and drains and source regions. 

The electrons which comprise the channel are free to move out of the channel through the depletion region if 

attracted to the drain by drain-to-source voltage. The depletion region is free of carriers and has a resistance 

similar to silicon. Any increase of the drain-to-source voltage will increase the distance from drain to the 

pinch-off point, increasing resistance due to the depletion region proportionally to the applied drain-to-source 

voltage. This proportional change causes the drain-to-source current to remain relatively fixed independent of 

changes to the drain-to-source voltage and quite unlike the linear mode operation. Thus in saturation mode, 

the FET behaves as a constant-current source rather than as a resistor and can be used most effectively as a 

voltage amplifier. In this case, the gate-to-source voltage determines the level of constant current through the 

channel. 

Composition 

The FET can be constructed from a number of semiconductors, silicon being by far the most common. Most 

FETs are made with conventional bulk semiconductor processing techniques, using the single crystal 

semiconductor wafer as the active region, or channel. 

Among the more unusual body materials are amorphous silicon, polycrystalline silicon or other amorphous 

semiconductors in thin-film transistors or organic field effect transistors that are based on organic 

semiconductors and often apply organic gate insulators and electrodes. 

Carbon nanotube field-effect transistor 

A carbon nanotube field-effect transistor (CNTFET) refers to a field-effect transistor that utilizes a single 

carbon nanotube or an array of carbon nanotubes as the channel material instead of bulk silicon in the 

traditional MOSFET structure. Since it was first demonstrated in 1998, there have been tremendous 

developments in CNTFETs, which promise for an alternative material to replace silicon in future electronics.  
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