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• Introduction: basics 

• 2e quantum dot: quantum computer ?

• Quantum dots as building blocks for 
photovoltaics.



Confining electrons in a 

semiconductor

(a) Semiconductor heterostructure containing a 2DEG (indicated in white) 

approximately 100nm below the surface, at the interface between GaAs and 

AlGaAs. The electrons in the 2DEG result from Si donors in the n-AlGaAs layer. 

(The thickness of the diferent layers is not to scale.) 

(b) By applying negative voltages to the metal electrodes on the surface of the 

heterostructure, the underlying 2DEG can be locally depleted. In this way, electrons 

can be confned to one or even zero dimensions

J.M. Elzerman et al.: Semiconductor Few-Electron Quantum Dots as Spin Qubits, Lect. Notes Phys. 667, 25–95 (2005) (Springer, Berlin)



Spin-orbit in a semiconductor
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Spin-orbit coupling:



Spin-orbit coupling:



Spectral Problem of Rashba 

Hamiltonian



Spin splitting: mechanisms
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charge and spin

carriers

• higher level of device integration

• faster data manipulation

• lower power consumption 

I.Zutic, J.Fabian and S. Das Sarma,   Rev.Mod. Phys. 76, 323 (2004). 

D.D. Awschalom and M.E. Flatte,      Nature Phys. 3, 153 (2007).



Ideal magnetoresistance.

Two half-metallic
ferromagnets, having only majority type 
conduction electrons, are connected in 
series with  nonmagnetic conductor 
between them. When their 
magnetizations are parallel (upper 
panel), majority electrons injected from 
one electrode are majority electrons in 
the second electrode, and current is 
finite for finite source-drain voltage. In 
the antiparallel configuration (lower 
panel), electrons injected from the left 
electrode cannot enter the second 
electrode because no minority electrons 
are allowed to exist there.

data storage technology



• Spin-orbit coupling in 
nonmagnetic 2D electron system 
induces a precession of spin 
(indicated as short arrows) for 
electrons propagating between 
ferromagnetic contacts. The 
length scale on which a full spin 
rotation occurs is tunable by a 
gate voltage (Vg). Hence, the 
spin precession of electrons
injected into the 2D electron 
system by a magnetic (polarizer) 
electrode can be adjusted such 
that they become either majority 
or minority electrons in the 
second (analyser) electrode. 
Such a field-effect switch works 
without charge accumulation in 
the semiconductor.

Electrons ballistically pass through a 
channel and their spin precession 
angle is controlled by

Datta and Das spin-transistor

Appl.Phys.Lett. 56, 665 (1990)



QDs created in thin film 

semiconductor heterostructures

With the use of epitaxial deposition techniques (like molecular beam epitaxy) it is 

possible to grow semiconductor crystals in coherent layers, a few lattice constant 

thick, and create multilayer semiconductor heterostructures.

Reduction of the remaining 2D ‘infinite’ extension of the quantum well, i.e. lateral 

confinement, leads to carrier confinement in all three dimensions and creation of a QD.

By sandwiching a 10 nm thickness of GaAs between AlGaAs (insulator) layers, one 

confines electrons in a GaAs 'quantum well'.
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If the carrier motion in a 

solid is limited in a layer 

of a thickness of the 

order of the carrier de 

Broglie wavelength (λ), 

one will observe effects 

of size quantization.

Quantum dots (QD) are small boxes (2 – 10 nm on a side, 

corresponding to 10 to 50 atoms in diameter), contained in 

semiconductor, and holding a number of electrons.

At 10 nm in diameter, nearly 100000 quantum dots can be fit within the width of a human thumb.

The confinement can be due to electrostatic potentials (generated by 

external elctrodes), due to the presence of interface between different 

semiconductors (SAQD), due to the presence of the semiconductor 

surface (a semiconductor nanocrystal).



A scanning electron micrograph of various size GaAs nanostructures containing quantum dots. The 

dark regions on top of the column is the electron-beam defined Ohmic contact and etch mask. The 

horizontal bars are 0.5 μm.

Electrostatic DQs
M.A.Reed et al, PRL 60, 535 (1988)



Schematic illustration of typical electrostatic DQs. Left-hand side: capped dot; 

right-hand side: pillar dot. The capped dot can be made either from a quantum 

well (as shown) or from a heterojunction.

Electrostatic DQs



• By sandwiching a 10 nm thickness of GaAs

between AlGaAs (insulator) layers, one 

confines electrons in a GaAs 'quantum well'. 

By placing electrostatic gates on the surface 

of the wafer, we can laterally confine this 2D 

electron gas and create a quantum dot

• For the typical voltage  1V applied to the 

gate (top plate), the confining potential is 

some eV deep which is large compared  to 

the few meV of the confining frequency. 

Hence, the electron wave function is 

localized close to the minimum of the well 

which  always can be approximated by a

parabolic potential.



FIR spectroscopy 

Left: Scanning electron micrograph of arrays of  QDs on InSb 

and the schematic sketch of  the band structure across the dots.

Right: Experimental resonance positions (bullets) together with 

theoretical curves calculated from

Sikorski and Merkt, PRL 62 (1989) 2164 - The first direct observation of resonance transitions 

between discrete states of QDs on InSb.
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The Hamiltonian
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The problem was solved more than 90 years ago (Fock, 1928; Darwin 1930). 

The so called Fock-Darwin levels are

mmnE Lmn  ++= )1||2(0.

where n and m are the radial and magnetic quantum numbers



FIR spectroscopy 
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Sikorski and Merkt, PRL 62 (1989) 2164 - The first direct observation of resonance transitions 

between discrete states of QDs on InSb.
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where ωL = eB/2m* is the Larmor frequency and

The problem was solved more than 90 years ago 

(Fock 1928, Darwin 1930). The so-called Fock-

Darwin energy levels are
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The Kohn theorem
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The Kohn theorem - In a parabolic confining potential the centre-of-

mass (CM) and relative (rel) motion decouple.

For a N-electron QD:
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Since Q/M = e/m*, the CM energy is identical 

to the single-electron energy Enm.

The generalized Kohn theorem –

The far-infrared (FIR) absorption 

spectra are independent on the 

number of electrons.
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(a) Schematic view of a device. Negative voltages applied 

to metal gate electrodes (dark gray) lead to depleted 

regions (white) in the 2DEG (light gray). Ohmic contacts

(light gray columns) enable bonding wires (not shown) to 

make electrical contact to the 2DEG reservoirs. 

(b) Scanning electron microscope image of an actual

device, showing the gate electrodes (light gray) on top of 

the surface (dark gray). The two white dots indicate two 

quantum dots, connected via tunable tunnel barriers to a 

source (S) and drain (D) reservoir, indicated in white. 

The two upper gates can be used to create two quantum 

point contacts, in order to detect changes in the number of 

electrons on the dot





Constant interaction model:  classical component
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Heiss&Nazmitdinov, Phys.Lett.A222 (1996) 309
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S.Tarucha et al, Phys. Rev. Lett. 77, 3613 (1996).

Shell structure of a circular symmetric shape.
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E

• B = 0 the magic numbers (including 
spin) turn out to to be the usual 
sequence of the two-dimensional 
isotropic oscillator, ωx=ωy, that is 2, 
6, 12, 20, . . .. 

• B ≈ 1.23 we find a new shell 
structure as if the confining 
potential would be a deformed
harmonic oscillator without
magnetic field. The magic numbers 
are 2, 4, 8, 12, 18, 24, . . . which 
are just the numbers obtained from 
the two-dimensional oscillator with 
ω+ = 2 ω-. 

• B ≈ 2.01 the magic numbers 2, 4, 
6, 10, 14, 18, 24, . . . which 
corresponds to ω+ = 3 ω- .

Heiss&Nazmitdinov, Phys. Lett. A222, 309 (1996)



The standard theoretical model is based on a number of approximations:

• The underlying lattice structure is taken into account in effective 

mass approximation:

• The confining potential is parabolic.

• The electrons interact via a screened Coulomb interaction.
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The Hamiltonian for N electrons interacting in a QD in a magnetic field B, perpendicular to the 

dot plane reads:

where e, m*, ε0 and εr and the unit charge, effective electron mass, vacuum and relative 

dielectric constant of a semiconductor, respectively. 

J.L.Birman, R.G.N., V.I.Yukalov, Phys.Rep.526, 1 (2013)



The Hamiltonian for the axially symmetric (x = y  0) two-electron quantum dot in 

magnetic field reads





Nishi et al, Phys.Rev. 75,121301 (R) (2007)

Ellenberger, et al., PRL96 (2006)126806



Nazmitdinov&Simonovic, PRB76 (2007)193306

PRB75 (2007) 121301(R)

How good is our description ?

Nishi

et al



(basic idea)



What is photovoltaics ?

The electrical effects in materials caused by interaction with 

Light was reported by Edmond Becquere (France) in 1839



Example of photovoltaic systems

PHOTOVOLTAIC CELL



Photovoltaic cell: working principle

“Conventional” photovoltaic cells are based p-n junction 

between semiconductors. When charged by the sun, the cell

generates a dc photovoltage of 0.5 to 1 volt.

N-type silicon
P-type silicon 

Continuous

Current 

http://images.google.it/imgres?imgurl=http://www.valetti.it/images/sole.jpg&imgrefurl=http://www.valetti.it/&h=237&w=210&sz=20&tbnid=Ak7Sa_tujdilkM:&tbnh=104&tbnw=92&hl=it&start=19&prev=/images%3Fq%3Dsole%26svnum%3D10%26hl%3Dit%26lr%3D


This can occur provided photon > gap

k
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Optical effects:



Optical properties :

direct indirect



Efficiency

One of the most important parameters of the photovoltaic cell is the efficiency 

defined as: 

EFFICIENCY  = h = 
Max electrical power produced by the cell

Total solar power impinging on the cell 

10 W/dm2

Example:

1dm

1dm

h = 10% 1 W

h = 20% 2 W

It is important to increase as much as possbile

the efficiency. 

http://images.google.it/imgres?imgurl=http://www.valetti.it/images/sole.jpg&imgrefurl=http://www.valetti.it/&h=237&w=210&sz=20&tbnid=Ak7Sa_tujdilkM:&tbnh=104&tbnw=92&hl=it&start=19&prev=/images%3Fq%3Dsole%26svnum%3D10%26hl%3Dit%26lr%3D




Solar spectrum
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The amount of energy that 
reaches the earth's surface 
every year exceeds the 
total energy consumption 
by roughly a factor of
10000.







Properties of Quantum Dots:

Control of the band gap 
energy  (depends on the QD
size). A mixture of different 
QDs (with a different size) 
allows to collect a full solar 
spectrum.



A mixture of different QDs

CdSe - 500nm

CdSe - 600nm

CdSe - 700nm

PbSe - 900nm

PbSe - 1100nm



e-

Usable 

photovoltage

(qV)

Energy

e-

n-type

p-type

1 e- - h+ pair/photon

ηmax = 32%

Thermo-

loss

Thermo-

loss

hν

Conventional photovoltaic cell

Optical properties :

Thermo-loss



High Efficiency Multijunction Solar Cells

• Want 1eV material 

lattice-matched to 

GaAs

 Try GaInNAs

034016319



Multi-Exciton Generation 

(MEG) 



2Pe
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1Sh

2Ph
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1Sh

2Ph

Coherent Superposition of Multi-Excitonic States in 

PbSe QDs
NanoLetts 5, 865 (2005)

For QDs PbSe (diameter 2.9 nm) there were observed 3 excitons 
at photon energy which is about 4

gapE



QDs technology basics



Two Flavors of Quantum Dots: Epitaxial and 

Nanocrystal Quantum Dots

Cd10Se4(SePh)12(PPr3)4

Bulk CdSe

Quantum Dot 

Regime

Cluster Molecule

100,000 atoms

20 nm

100 atoms

2 nm

10 nm

Epitaxial Quantum DotsNanocrystal Quantum Dots

<10 nm







QDs technology basics (biology)

scale=20nm

Amplification 200 000X

What is a Qdot Conjugate?

The new high-performance class of Qdot Conjugate fluorescent
labeling reagents leverages the unique properties of state-of-theart
quantum dot technology. Quantum dots are nanometer-scale
semiconductor crystals (Figure 2) with special optical properties.
Each Qdot Conjugate has a quantum dot core composed of
semiconductor material (CdSe), which has been coated with an 
additional semiconductor shell (ZnS) to improve its optical properties.
This inner core is then further coated with a polymer shell that can 
be conjugated to biomolecules while retaining the optical properties 
of the Qdot nanocrystal (Figure 1). For the Qdot Streptavidin 
Conjugates, these polymer-coated quantum dots have been directly 
coupled to streptavidin.

QDs replace organic dyes !



Dubna University develops the lateral immunochromatographic test-

systems using quantum dots CdTeSe/CdS/CdZnS/ZnS, luminescent in 

the near-IR region of the spectrum
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Advantages of QDs: 
• A wide absorption 

spectrum and a narrow 

peak of fluorescence

• High photostability

• A high quantum yield of 

fluorescence (50-70%)

• The presence of the 

necessary functional groups 

on the surface for further 

conjugation

1. Dezhurov,  et al.,    One-pot synthesis of polythiol ligand for highly 

bright and  stable hydrophilic quantum dots toward bioconjugate 

formation // Advances in Natural Sciences: Nanoscience and 

Nanotechnology, 9 (2018) 015002 











Quantum Cascade (QC) Laser
Operates within the sub-bands of the Conduction band. It is different from 

other designs where emission is due to electron-hole recombination. Often 

called Unipolar Laser. In conventional semiconductor lasers one electron can 

emit only one photon as it combines with a hole. QC laser is a Multiple 

Quantum Well (MQW). Discovered in 1996 (Appl. Phy. Lett. 68, 3680).

There could be ~50 Quantum Wells in MQW 

geometry. The barrier layer is very thin (1-3 nm) An 

excited electron emits 25-75 photons as it cascades 

down the ladder of sub-bands in the Conduction 

Band. QC lasers have been demonstrated for 

wavelengths between 3-20 micron. Useful for 

sensing atmospheric pollution



The Lycurgus Cup (glass; British Museum; 4th century A. D.)

When illuminated from 
outside, it appears 
green.  However, when
Illuminated from within 
the cup, it glows red.   
Red color is due to very 
small amounts of gold 
powder (about 40 parts 
per million)
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Dielectric materials: 

All charges are attached to specific atoms or molecules

Response to an electric field E:

Microscopic displacement of charges

Macroscopic material properties: electric susceptibility , 

dielectric constant (or relative dielectric permittivity) 



What is a plasmon?

Plasmons in the bulk oscillate at 

determined by the free electron density and 

effective mass 

Plasmons confined to surfaces that can interact with 

light to form propagating “surface plasmon 

polaritons (SPP)”

Confinement effects result in resonant SPP modes 

in nanoparticles
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“plasma-oscillation”: density fluctuation of free electrons
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Sphere in a uniform static electric field

→ particle can be considered as a dipole:

in a metal cluster placed in an electric field, the 

negative charges are displaced from the positive 

ones

electric polarizability of a sphere α
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of the metal 

particle

εm = dielectric 

constant 

of the embedding 

medium, usually real.
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resonant enhancement of p 
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M. Kerker, J. Opt. Soc. Am. 65, 376 (1975)
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Martynov, Nazmitdinov,Tanachev, Gladyshev, JETP Letters 95 (2012)122
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Field concentration in nanoshells d=40 nm

Dipole resonance near 

500 nm Quadrupole resonance 

near 450 nm

Dipole resonance near 

500 nm with dissipation



Lightweight

Fluorescence

Down-Converting

Concentrators

(1 kW per kg)



Summary: the key advantages of QDs 

Size quantization allows to control the band gap 
energy and, therefore, to collect the major part of 
the solar spectrum.

• Multi-Exciton Generation produced by one 
photon.

• Overal gain of the current by means of “hot”
electrons extraction system.

• QDs increase the efficiency of solar cells.

• Buildings blocks for nanotechology.


