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• Founded as PTR in 1887 by 
Helmholtz and Siemens 

• World leading National Metrology 
Institute 

• Belongs to Ministry of Economy 
• Braunschweig und Berlin 
• 1800 Employees 

– 800 scientists 
– 100 PhD students 

 
Duties: 
• Realization and dissemination of the 

units 
• Calibration sevices for industry and 

society 
• Basic research for the realization of 

the units 

PTB: National Metrology Institute 



The SI system of units 



• Definition based on force between two 
current carrying wires 
 

• Idealized measurement scheme (infinitely 
long, parallel, negligible cross section…). 
 

• Defines vacuum permeability µ0. 
 

• Time of definition: 1948 
 

• Minimum uncertainty of realization: 3⋅10-7 

Base unit of electrical current:  
The Ampere 



James Clerk Maxwell, 1870: 
 „If, then, we wish to obtain standards of 

length, time, and mass which shall be 
absolutely permanent, we must seek them 
not in the dimensions, or the motion, or 
the mass of our planet, but in the 
wavelength, the period of vibration, and 
the absolute mass of these imperishable 
and unalterable and perfectly similar 
molecules.“  
 

Quantum metrology 



Quantum metrology 
 



Quantenmetrologie 

M. Planck, Ann. Physik 1, 69-122 (1900) 



Quantenmetrologie 

M. Planck, Ann. Physik 1, 69-122 (1900) 

h k 

Quantenmetrologie basierend auf Naturkonstanten. 



Quantum metrology in present SI 



Quantum metrology in new SI 

CGPM Resolution 1, 2011 



The new SI 
CGPM -Resolution 1 : 
”The International System of Units, the SI, will be the system of 
units in which: 
1.the ground state hyperfine splitting frequency of the caesium 133 
atom … is exactly 9 192 631 770 reciprocal second, 
2.the speed of light in vacuum c is exactly 299 792 458 metre per second 
3.the Planck constant h is exactly 6.62606X ×10−34 joule second , 
4.the elementary charge e is exactly 1.60217X ×10−19 coulomb  
5.the Boltzmann constant k is exactly 1.380 6X ×10−23 joule per kelvin, 
6.the Avogadro constant NA is exactly 6.022 14X ×1023 reciprocal mole, 



The new SI 
CGPM -Resolution 1 : 
”The International System of Units, the SI, will be the system of 
units in which: 
1.the ground state hyperfine splitting frequency of the caesium 133 
atom … is exactly 9 192 631 770 reciprocal second, 
2.the speed of light in vacuum c is exactly 299 792 458 metre per second 
3.the Planck constant h is exactly 6.62606X ×10−34 m2·kg·s-1, 
4.the elementary charge e is exactly 1.60217X ×10−19   A ·s 
5.the Boltzmann constant k is exactly 1.380 6X ×10−23 joule per kelvin, 
6.the Avogadro constant NA is exactly 6.022 14X ×1023 reciprocal mole, 

X  trom CODATA value at time of redefinition 

Redefinition planned for 2018! 



The new Ampere 
 
Direct realization:  
 Generate a quantized current I = e·f by pumping electrons 

one by one through a nanostructure with frequency f 
  f: Pumpin frequency;  e: electron’s charge 



• Semiconductor channel 
• Topgates define quantum dot 
• Modulation of entrance barrier 
• Capture electron on source 
• Eject to drain 
• Quantised current: I = e·f 

 
• Advantage: 
• High frequency   high currents 
• Simple fabrication 
• Low error rate 
 
 
Problem:   
• Rare pump errors ar inenevitable 

 
 

 Phys. Rev. B 77, 153301 (2008) 

Semiconductor single electron pumps 



Decay cascade model 
• Electrons loaded from source 

into QD 

• Barrier and dot rise 
 backtunneling of excess 
    electrons 

• Barrier more transparent for 
higher electron number 
– time scale separation 
– n-electron state frozen by 

further barrier rise 

• Calculate pumped current  

Γ1 << Γ2 Γ2 

EC 

Kashcheyevs and Kaestner, Phys. Rev. Lett. 104 186805 (2010) 
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Decay cascade model 
δ-fitting for uncertainty estimate 
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n-electron error ≈ exp(δn+1) 
u ~ 10-8 for δ > 20 

Kashcheyevs and Kaestner, Phys. Rev. Lett. 104 186805 (2010) 



model for u ~ 10-8 

Error estimate with decay cascade model 

δ2 

δ2=21 
675 MHz 

δ2=26 
200 MHz 



Highly stable precision current amplifier 

 Traceable with uncertainty < 0.06 ppm 

 Stability: Drift < 0.1 ppm/week, 
Temperatur coefficient ~ 0.2 ppm/K 

 Low noise 2.4 fA/√Hz 

 Measure 100 pA in 10 h with uncertainty 
below 0.1 ppm 

 

D. Drung et al., Rev. Sci. Instrum. 86, 024703 (2015) 

Precision current measurement 



B = 16 T 
f = 545.45 MHz         I ≈ 87 pA 

Precision current measurement 



Precision current measurement 

Stein et al, APL 107, 103501 (2015) 

I = ef 

Ipump - ef = (-0.06 ± 0.2) ppm 



Precision current measurement 

Stein et al, APL 107, 103501 (2015) 

I = ef 

Ipump - ef = (-0.1 ± 0.16) ppm 

Lower uncertainty than best 
realization of present SI! 



P3 

Self referenced quantized current source 



Pump errors 

Single electron detection 

~ 
No. of pump cycles 
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Counting statistics of pumping 
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Fricke et al PRL 2012 ~ 
Statistical data agrees with decay cascade model 
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In-situ error detection 
No errors: 



Time 

D1: 1 one electron less 
In-situ error detection 
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Fehler P1: 
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D1: one electron more 
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Error P2: 
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Error P3: 
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Experiment: 
Serielles und simultanes Pumpen 



Experiment: 
Serial and simultaneous pumping 



Experiment: 
Serial and simultaneous pumping 



Experiment: 
Serial and simultaneous pumping 



Experiment: 
Serial and simultaneous pumping 



Fehler P1 (simultanes Pumpen) Fehler P2 (simultanes Pumpen) Error by P3 (simultaneous pumping) 

Experiment: Detection of pump errors 



Statistical analysis of pump errors 



Statistic analysis of current uncertainty 

 Phys. Rev. Lett. 112, 126803 (2014) 

•  Self reference quantized current source 
•  Uncertainty reduced by factor of 50 



Outlook:  Achievable current and uncertainty 

(    ) (        ) Detection time corr. error  
rate ~ 

Time between errors 

No. islands/2 
error 
rate 

x 

No. islands/2 

• Pumping frequency  f  ≅  1 GHz 
•  Initial error rate ≅  1 ppm 
•  Detector bandwidth ≅  50 kHz 
•  5 pumps in series 

        I > 160 pA,   uges < 10-8 

M. Wulf, Phys. Rev. B 87, 035312 (2013) 



Semiconductor quantized voltage source 

 An "integrated quantized circuit" (IQC) 
 



SET-pump: 

QHE 

V = I*h /(ν e2) 

I = n e f 

Semiconductor quantized voltage 
source 

Vout = (n/ν) · (h/e) · f 

+ 

= 



Quantized voltage 

ν=1, f = 675 MHz  

Vout = (n/ν) · (h/e) · f 



Vout = n/ν * h/e  f 

Quantized voltage vs. frequency 

F. Hohls et al. Phys. Rev. Lett. 109, 056802 (2012). 
 



Beyond metrology: 
Noise suppression 



• Shot noise caused by randomness of tunnelling 
events 
 
 

 
• Noise in a single electron pump? 

– Electrons at well defined times → no noise expected 

Putting electrons on a string 
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Noise suppression in an electron pump 
 

• Quantized current plateaus I = n·e·f (n = 1,2) 
• Noise suppressed for quantized pumping 
• Noise in plateau transitions 

APL 92, 082112 (2008)  

f=400 MHz 

I = 129 pA 



Noise in plateau transitions 
• Probabilities for pumping n electrons 

per cycle: pn 

• 3 probabilities dominate  
• Shot noise (assuming pn-1+pn+pn+1=1) 

 
 
 

• Test for transition between plateaus: 
either n or n+1 electrons 
– nonzero shot noise 
– can determine pn and pn+1  

from current 
– computed noise power 

agrees with data 
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Beyond metrology: 
On demand source of specific 

quantum states? 



Beyond metrology: 
Beam splitter experiments and pair 

partitioning 



Partitioning of on-demand electron pairs 
 

On demand electron pairs 
for electron quantum optics 



Setup 



On-demand source of single electrons 
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Partitioning of electron pairs 



Partitioning of electron pairs 

Reliable partitioning of on-
demand electron pairs: 

%901 =p

Ubbelohde et al, Nature Nano. 10, 46 (2014) 

Prospects for electron 
quantum optics experients 



What you should keep in mind 
•  Redefinition of SI base units in 2018 

• Expected scale change: < 10-7 

 

•  Semiconductor quantized current sources 
• Suitable as direct realization: u < 2⋅10-7 

• Self referenced current source under development 
 

•  Beyond metrology:  
• noise less currents 
• partitioning 
• on-demand source of quantum states 
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