
Purpose: 

The 2015 International Conference on Frontiers of 
Characterization and Metrology for Nanoelectronics 
(FCMN) will be held at the Hilton Dresden Downtown in 
Dresden, Germany, April 14-16, 2015!  

Frontiers of Characterization and Metrology for Nanoelectronics 

While a city of notable art treasure, architectural sights, and a charming landscape, Dresden 
also has largest hub of microelectronics in Europe. Dresden is a center of materials science and 
engineering (more than 2000 materials scientists and engineers at TU Dresden and in several 
institutes). 
The FCMN brings together scientists and engineers interested in all aspects of the 
characterization technology needed for nanoelectronic materials and device research, 
development, and manufacturing. 
The conference will consist of formal invited presentation sessions and poster sessions for 
contributed papers. The poster papers will cover new developments in characterization and 
metrology especially at the nanoscale. 
The conference series began at NIST in 1995.  



Welcome in Germany 
The country where the first metrology institute was founded 

First Laboratory of 
PTR in 1891 

Physikalisch Technische Reichsanstalt Berlin 
Physikalisch Technische Reichsanstalt 

PTR founded in 1887 
NIST founded in 1901 

PTB Berlin today 



Tuesday, April 14 
Conference Opening 
Keynote Talks 
Session Chair: David Seiler, NIST 
9:00 
Characterization Challenges In The 28 nm Technology Node 
Hubert Lakner, Executive Director, Fraunhofer Institute for Photonic Microsystems 
9:45 
Wide Perspective on Today's Semiconductor Industry 
Suresh Venkatesan, Senior Vice President, Technology Development, Global Foundries 
10:30 
Coffee Break and Poster Viewing 
11:00 

Nanoelectronics for Metrology 
Klaus von Klitzing, Max-Planck-Institut FKF 



129 years ago: 
 

Lord Kelvin (William Thomson) 
6.May 1886 

..I often said that when you can 
measure what you are speaking 

about, and can express it in 
numbers, you know something 

about it. 
 

…So therefore, if science is 
measurement, then 

 without metrology there can  
be no science 

With this painting, Henry Marks became  
member of the Royal Academy, London 

"Science is Measurement“ 
 Henry Marks (1829 – 1898) 
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SiGe nanocrystals on silicon  
group O.G.Schmidt,  

Institute for Integrative Nanosciences Dresden 

Nanoscience: 
Dimension → Function 



It was required that the cubit stick 
be brought at each full moon to be 

compared to the Royal Cubit Master. 
Failure to do so was punishable by 

death 



GLOBAL UNITS USED TODAY: 

International System  
of 7 Base Units 

second for time 

    metre  for length  

    kilogram   for mass  

kelvin  for temperature 

ampere for electric current 

    candela for luminous intensity 

    mole for the amount of substance http://www.nist.gov 



1 day = 10 hours 
1 hour = 100 minutes 
(introduced by law for  
only 2 years  
1793-1795) 

Introduction of „Metric System“  
by French Academy of Science 

22.8.1790: Working Group for an 
UNIVERSAL SET OF UNITS 

UNIVERSAL SET OF UNITS 
(established at the time of the French revolution) 



The metre is equal to one ten 
millionth part of the quarter of 
the terrestrial meridian 

 
The kilogram is equal to the mass 
of a decimetre cube of water at 
the temperature of melting ice 

 

Photo  Terry Quinn 

1799:  
Year of birth of Métre et Kilogramme „des Archives“  



Meter Convention 20.5.1875 

METRIC SYSTEM 
Meter Kilogram Second 
signed by 17 countries 
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metric system based on the  
mètre des archives and the  
kilogramme des archives  
introduced by France in 1799 

cd 

kg 

Properties of the Earth were used to  
introduce a Global Sytem of Units 

: 
The biggest 

revolution in 
metrology since the 
French revolution 



(…but more stable!) 

Don’t worry: 
The units will be exactly identical with our 
present units at the time of the introduction 
of the new International System of Units 

(no change at all for length units) 



Development of „METER“-definition 

1 wavelength 



The meter is defined as the length  
of the path travelled by light in vacuum 

  in 1⁄299,792,458 of a second. 

Official definition of the length unit 1 meter 
(since 1983) 

FIXED VALUE OF A FUNDAMENTAL CONSTANT   
AS BASIS FOR AN INTERNATIONAL UNIT 

(original idea of Max Planck) 



 
“....with the help of fundamental constants we 
have the possibility of establishing units of 
length, time, mass, and temperature, which 
necessarily retain their significance for all 
cultures, even unearthly and nonhuman 
ones.“ 
 
                                           

Ann.Physik 1, 69-122 (1900) 

1900: Max Planck 
(Theory of Black Body Radiation) 

E(λ,T) = 𝟐𝒉𝒄
𝟐

𝝀𝟓
𝟏

𝒆𝒉𝒄/𝝀𝒌𝑻−𝟏
 

even Aliens understand the  
universal language of science 
and fundamental constants 

Birth of quantum mechanics 



Unfortunately, Planck units are useless for practical applications 
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Max Planck and his Universal Units 



5 month ago: 
25th meeting of the  

Conférence générale des poids et mesures   

1st  General Conference on Weights and Measures: 1889  



5 month ago: 
25th meeting of the  

Conférence générale des poids et mesures   



Proposal for a new SI system 



Resolution at the Last CGPM 



Plenary Talk of Klaus v. Klitzing  
at the IMEKO World Congress 2018 

in Belfast (3-7 Sep 2018). 

Roadmap Until Next CGPM Meeting 



Activities at NIST in 2014 
FOR A NEW KILOGRAM 



Physics Today July 2014 

The kilogram will be replaced by  
a fixed value of the Planck constant h 



Basic research on  
SILICON FIELD EFFECT TRANSISTORS 
initiated the expected change  in the 

definition of our SI base units 

for the discovery of the  
Quantum Hall Effect 



The QHE has Initiated the  
Development of a New SI System 

QHE symposium (MPI Stuttgart, June 2013) 



The kilogram prototype  
in Sèvre 



 •  

 the mass of the prototype changes with time  
(relative to mean value of national prototypes) 





My Nobel Prize discovery  
(Quantum Hall Effect) 

 plays an important role !  



My Nobel Prize is connected with basic research  
on the most important device in electronics: 

MOS field effect transistor 

SOURCE DRAIN 

GATE 

POTENTIAL PROBES FOR 
ACCURATE RESISTIVITY MEASUREMENTS 



Field Effect Transistor,  
the Backbone of Electronics 

very thin electron layer 
(2-dimensional electron gas) 

created by positive  
gate voltage 

2DEG 



Electrons confined  
in such a thin layer, 
that quantum 
phenomena dominate 
(particle in a box, 
electron energy 
quantized for motion 
perpendicular to the 
surface) 

Two-Dimensional Electron Gas 

ELECTRONS 

ENERGY 

+ 
+ 
+ 
+ 
+ 
+ 
+ 



Nobel Prize 2000 

Heterostructures for fast electronics: 
HEMT (2DEG  for High Electron Mobility Transistor 

Modern version of 
Si MOSFET Graphene: The ideal 2DEG 

Nobel Prize 2010 



1879: Discovery of the Hall effect 

Edwin Hall (1855-1938) 

UH ∼ B.I 
Proportional constant gives information about electron concentration 

current I 

Hall voltage UH 

Type equation here. 

⊗ magnetic field B 



Hall 
voltage UH 

magnetic field B 
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ideal curve 
experimental curve 

an unexpected plateau 
close to the upper limit 
of the x-y recorder 



ν=6 ν=7 

ν=8 

ν=9 

Hallresistance is quantized: RH=h/νe2 

Integer Quantum Hall Effect for  
GaAs/AlGaAs Heterostructure 

classical Hall effect 



current I 

voltage V 

Under QHE condition, this resistance 
has always the fundamental value  

R = 25812,807…Ω = h/e2   

Unexpected Result  
Quantum Hall Effect (QHE) 

2-dimensional electron  
system in strong  
magnetic fields Ohm‘s law: 

V=R⋅ I 



Memos from 5.2.1980 

The Hall resistance depends  
(in a certain magnetic field range)  

only on the fundamental constant h/e² 



First draft of the “NOBEL” publication  
(submitted 30.5.1980 to PRL) 



Reaction from PRL  (20.6.1980) 



CSIRO, Australia 

 
25 812.809 (2) Ω 

 NPL, UK 

 
25 812.809 (1) Ω  

 BNM-LCIE, France 

 
25 812.802 (6) Ω 

 ETL, Japan 

 
25 812.806 (6) Ω 

 NIST, USA 

 
25 812.807 (1) Ω 

 VNIIM, Russia 

 
25 812.806 (8) Ω 

 VSL, Netherland 

 
25 812.802 (5) Ω 

 NRC, Canada 

 
25 812.814 (6) Ω 

 EAM, Switzerland 

 
25 812.809 (4) Ω 

 PTB, Germany 

 
25 812.802 (3) Ω 

 NIM, China 

 
25 812.805 (16) Ω 

 CSIRO/BIPM 

 
25 812.809 (2) Ω 

 CSIRO/Japan 

 
25 812.813 (2) Ω 

 

QUANTIZED HALL RESISTANCE IN SI OHM 
(data collected until 1988)  

BEST VALUE (1990): RK=25 812.807 (5)  Ω 
limitations due to calibration of reference resistor 



1988 



http://physics.nist.gov/cuu/Constants/index.html 

fixed value without uncertainty 
just for calibrations, outside our  present SI system 

Ω90 



QHE 
Galliumarsenide 

QHE 
Galliumarsenide 

10-11 

QHE 
  Silicon   

3.5 parts in 1010 
identical results between  
GaAs and C with an accuracy 
of -4.7 ± 8.6 parts in 1011 

QHE 
Graphene 

nature 
nanotechnology 
17 January 2010 

Quantized Hall Resistance  
for Different Materials 

13 (2011) 093026 



GaAs 2DEG at 1.4 K 

Hallplateau from 5 Tesla- 20 Tesla 
1 part in 109 

Very Wide QHE Plateau for CVD Grown Graphene on SiC 

Hall voltage >250 mV 

http://arxiv.org/abs/1407.3615v1 



C Chang et al. Science 2013;340:167-170 

QAH (2013): Quantum Hall Effect without Magnetic Field 



The QAH Effect Measured at 30 mK. 

C Chang et al. Science 2013;340:167-170 

quantized Hall resistance 
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Magnetic Field 



 Room-temperature QHE in Graphene.  

K S Novoselov et al. Science 2007;315:1379 

Published by AAAS 

QHE 
Plateau 

Zero 
Resistance 

ä 



Fundamental Constants  
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Consistency Check by “Ohms Law” 

2e/h h/e² 

(e) 

quantum Hall effect 

Josephson effect 

electron pump 



Vout= h/e2·ef compared 
with Josephson voltage 

VJ = h/2e·ν 

Frank Hohls et al.,Phys. Rev. Lett. 109, 056802 
 

 An "integrated quantized circuit" (IQC) 
 

Semiconductor Quantized Voltage Source 

SET pump 



single electron detector 

Error Correction  (Electron Pumps in Series) 
Metrological triangle confirmed up to  

uncertainty level of ≈1 ppm 

© PTB 



Phys. Rev. Lett. 112, 226803 (2014) 

Self-Referenced Single-Electron Quantized Current Source 
Lukas Fricke, Michael Wulf, Bernd Kaestner, Frank Hohls, Philipp Mirovsky, Brigitte Mackrodt, 
Ralf Dolata, Thomas Weimann, Klaus Pierz, Uwe Siegner, and Hans W. Schumacher 

jumps in the detector signal         1 electron  



For practical applications: 
 
Josephson voltage and quantized Hall resistance  
are fixed by the fundamental constants h and e. 

All electrical quantities can be measured 
(with high precision!)  
in units of h and e 

Josephson effect:                Voltage U  ↔ e/h 

Quantum Hall effect:   Resistance R  ↔ h/e² 
 



Josephson 
Effect 

electrical resistance 

capacitance 

inductance 

voltage 

current 

units based on fundamental constants h and e  
and on frequency (atomic clock) 

mass (Watt balance) 

Quantum Hall 
Effect 

Frequency 
Atomic clock 

𝒉
𝒆𝟐 

𝟐𝒆
𝒉  

e 

h 

𝒉
𝒆𝟐 

𝒉
𝒆𝟐 

Electrical Quantum Standards Formed 
 the Basis for the New SI 



Quantum-Units: 
A Parallel World in our SI System 

Quantum Units 
(conventional units outside the official SI units) 

SI Units 
(base and derived) 

 

kg 

m 

s 

A 

V Ω 
W 

A90 

Ω90 

V90 

W90 

adjusted 
in 1990 

The new SI  
will unify these two worlds  





Final result: h ↔ m 



MASS m → PLANCK CONSTANT h In the future (new SI): 
PLANCK CONSTANT h → MASS m 



Watt balance data 
Avogadro data 

Summary of Planck Constant Measurements 

± 5⋅10-8 



h c A M
R N

=
∞

r

A

e u( ) α 2

2

relative atomic mass of electron (4·10-10) 

velocity of light 
molar mass constant ≡ 1g/mol  

fine structure constant (3.2 10-10) 

Avogadro constant 

Rydberg constant R∞=α2mec/2h (5·10-12) 

h·NA = 3.9903126821(57) x 10−10 Js/mol, with relative uncertainty of 1.4×10-9 

 



Si sphere
A 3

220 sphere8
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M V
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d m

IAC (International Avogadro Coordination) 

Si  
sphere 

Silica 
layer 2003 

28Si for 
M improvement 
 



28Si: 99,9957% 

IAC 
2007/2008 
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Volume: interferometer for spheres 

PTB‘s sphere interferometer 
with spherical symmetry 

PTB‘s sphere interferometer enables complete 
topographies of spheres, ndiameter ≈ 600 000. 
 
The radius uncertainty is 0.8 nm 

Radius topography of 28Si-sphere S8. Peak to valley 
deviations from roundness amount to 99 nm. 



Surface layer characterization for sphere AVO28-8 

dSL (nm) 
2.72(33) 

 mSL (µg) 
215(16) 

SiO2 

PTB: 1.51 (20) nm 

NMIJ: 1.51 (49) nm 



Uncertainty budget 

Quantity Relative uncertainty 
10-9 

Contribution 
% 

Molar mass 8 7 

Sphere mass 5 3 

Surface 16 27 

Sphere volume 22 51 

Lattice parameter 10 10 

Point defects 4 2 



Avogadro project and Watt balances  
allow high precision measurements of Planck Constant h 

Watt balances has been built up in many countries and 
 seems to be the best way to realize the unit of mass 
 on the basis of a fixed value for the Planck constant 

QUANTUM HALL EFFECT WILL PLAY AN IMPORTANT ROLE  
IN OUR NEW INTERNATIONAL SYSTEM OF UNITS 



kilogram 
prototype 

silicon sphere 
Avogadro project 

Watt balance 
mechanical force ↔ electrical force 

quantum Hall effect ↔ kilogram 



•   
 

NPL METAS 

LNE BIPM NRC NIM 

27 

Photo Gallery of all Watt Balances 

NIST 



Basic research on a silicon 
MOSFET opened the possibility 
of a new system of units based 

on fundamental constants 



SILICON 
not only the most 

important material in 
microelectronics 

but also a very important 
material in metrology 
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