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The incredible shrinking of the transistor

tr tors
Pentium® 4 Processor 0,000,000
Pentium® Il Processor
MOORE'S LAW
Pentium® Il Processor 10,000,000

Pentium® Processar
4BE6™ DX Processor

38B6™ Processor

" .- ] So08 . y - . 2 - - -
transistor scoas A R transistor
| S 1000 2005

1947 1970 1975 1985 1990 1995 2000

1980

=P Shrinking of parts of the transistor to atomic dimensions



From solid state to molecules

LUMO
conduction band
E...tAE E..
HOMO S i valence band
cluster hanocrystal macrocrystal

=1 nm 3> 20 nm



Electronic density of states - Overview
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Stranski-Krastanov Growth of Semiconductor QDs

lattice constants: a, > 2

substrate wetting layer Islands




Solution-based nanocrystal synthesis

Degree of supersaturation vs. reaction time (LaMer plot):
I 11 11

B

nucleation threshold

Supersaturation

§ >

—> homogeneous nucleation requires temporal separation of
nucleation and growth of the seeds.

hot injection method heating-up method
(instantaneous (in situ formation of

nucleation) reactive species)
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Size Dependence of Optical Absorption

CdSe Nanocrystals
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SC nanocrystals as bio-labels

bio-conjugation strategies:

(a) Bifunctional linkage
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A. Miyawaki et al., Nature Cell Biology 5, S1-S7 (2003).
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SC nanocrystals as bio-labels

mouse fibroplast cells stained with CdSe-
CdS core-shell particles of different size
(2 nm core particles: green emission;
4 nm core particles: red emission)

M. Bruchez et al., Science 281, 2013 (1998).

Normalized fluorescence
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In-Vivo Cancer Imaging with QD’s

Mouse Mouse Mouse
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X. Gao et al.,Nature Biotechnology 22,969(2004)



Shape control of NCs
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Branched NCs ,

time evolution of CdTe
tetrapod shape:

Growth time
- model of a CdTe tetrapod:
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Ordered arrays of semiconductor NCs
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C.B. Murray et al., Ann. Rev. Mater. Sci. 30, 545 (2000).



Semiconductor NC 3D-superstructures

A hcp superlattice self-assembled from CdSe NCs:

optical micrograph




Semiconductor Nanostructures

e basics
« MBE guantum dots
 nanocrystals

e Nanowires



Synthesis methods - Overview
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Si nanowire synthesis:

Vapor-liquid-solid growth mechamsm
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CdS NWs from molecular precursor

Cd(SZCNEtZ)
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Nanowire heterostructure synthesis

changed reactant
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InAs/INP segmented nano-whiskers

Superimposed,
Inverse colour-coded
TEM TED FT images




Charge transport over InP barrier
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Core-shell semiconductor nanowires

synthesis by chemical vapour deposition:
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Core-shell semiconductor nanowires
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Core-shell semiconductor nanowires

coaxlially gated nanowire field-effect transistor from
Ge-Si core-shell nanowires :

-1 0 1 2
Coaxial gate voltage (V)




Electrons confined to nm dimensions

e can the electrons still be considered to be independent ?
e can the electrons still move in all three dimensions ?



Quantum Transport

 Transport through a 1D wire
e Coulomb blockade
* Single electron transistor

e Quantum Hall effect



Transport through a one dimensional wire (1)

Conductivity of
a macroscopic sample
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Boltzman model

N : charge carrier density
M * : effective electron mass
|e : mean free path

V£ : Fermi velocity

Example: for copper |e Is about 30 nm

Conductivity of
a nanoscopic sample
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Drude model breaks down for
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e
“ballistic conductance”

— Infinite conductance ?




Landauer formula (1)
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transmission
probability

Landauer formula (2)

Current through one channel a
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LLandauer formula (3)
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Interpretation of the conductance quantum

ballistic conductor

~O |

contact 1 contact 2 (3 €

N |

Conductance quantum can be rationalized as the boundary
resistance between a perfect conductor and the contacts: The charge
carriers have to scatter into the ballistic conductor from the contacts.




Experimental realization
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Experimental realization: Quantum point contact
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gate voltage (V)

B.J. van Wees, Phys. Rev. Lett. 60 (1988) 848

By varying gate voltage the width of the constriction and with it the
number of channels contributing to the conductance is changed



CNT - Quantum conductance
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STM Point Contacts
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Up to now: non-interacting electrons ; highly transmissive contacts (T, ~1)





Quantum Transport

e Introduction

 Transport through a 1D wire
e Coulomb blockade

* Single electron transistor

e Quantum Hall effect



Confining electrons even more...
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Experimental realization
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L.P. Kouwenhoven et. al. Physics World, June 1998



Energy of an electron on a capacitor
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Coulomb blockade In transport

unneling Barriers
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When can the Coulomb blockade be seen ?

Tunneling Barriers
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Level quantization (particle in a box) ?
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- Electrons confined in all dimensions: QD can be considered to be 0D



Level guantization
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E. and A for different material systems

(GaAs |0 nm 500 nm [nAs/InP  molecular
quantum metallic  metallic  nanowires transistor
dots island®*  carbon
nanotube
e 0.2 25meV  smeV SmeV =01 eV
to 2 meV
A 0.02 | meV smeV <] meV =01 eV

to 0.2 meV

J.M. Thijssen et. al. phys. stat. sol. (b) 245 (2008) 1455



Quantum Transport

e Introduction

 Transport through a 1D wire
e Coulomb blockade

e Single electron transistor

e Quantum Hall effect



Single Electron Transistor (SET)
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GS
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Proposed: D. Averin, K.K. Likharev, IEEE Trans. Magn. 23, 1142 (1987)
First Realisation: T.A. Fulton and G.J. Dolan, Phys. Rev. Lett. 59,109 (1987)



Energy needed to add one electron to the dot

Constant interaction model:

1.) single capacitance C between
electrons on the dot and the environment
2.) single-particle energy-level spectrum
Independent of the number of electrons

Total energy of the dot:
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Electrochemical potential of N electrons
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Single electron transport through the dot

Blockade (off resonance)
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Stability diagram of a quantum dot (QD)

: Transport: Dot stable
Blockade: Dot stable with N electrons | with N or N+1 electrons

Periodicity of the oscillations with Vq: C oE id
a

_So _
H(N,Vgs) = (N +1,Vgs +AVg;) AVes = eC Bad e

J.M. Thijssen et. al. phys. stat. sol. (b) 245 (2008) 1455




Stability diagram of a quantum dot
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Experimental Stability Diagram: Carbon Nanotube QD
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Applications of SETs: Electrostatic Potential Probe
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Applications of SETs: Representation of physical units

Quantum Metrological Triangle

V Vol
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[Hertz] Single Electron  [Ampere]
Charging Effect
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