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Electricity
The “Electricity” Division deals with all aspects of
the subject area Electricity and Magnetism and ensures, with its activities, uniformity, reliability and
progress in metrology in the field of electricity. The
work comprises the investigation of fundamental
processes in solid nanocircuits which have a potential for applications in metrology, the development
of manufacturing procedures for electric quantum
standards, the development of primary and transfer
standards for the electric units, calibration and test
services, consultancy, cooperation in standardization committees and in other committees, as well as
technology transfer activities to support the German
economy. To deal with this comprehensive range of
tasks, the Division is subdivided into the following
6 departments: Direct Current and Low Frequency;
High Frequency and Electromagnetic Fields; Electrical
Energy Measuring Techniques; Quantum Electronics;
Semiconductor Physics and Magnetism; and Electrical Quantum Metrology. The Division has identified
five – partly interdepartmental – focal topics which
are, in the medium term, the most important fields
of work: Fundamentals of Electrical Metrology; Development of Quantum and Conventional Scales
for Electrical and Magnetic Units; Electrical Energy
Measuring Techniques; High-frequency and Terahertz Metrology; as well as Metrology for Magnetic
Nanostructures.
In many cases, the research and development work
related with the focal themes is carried out in close
cooperation with other national metrology institutes within the scope of the European Metrology
Research Programme (EMRP) funded by the EU. In
the period under report, seven EMRP projects have
been started in which the “Electricity” Division is
involved with significant work packages. Four of
these seven European projects are being coordinated by employees of this Division. At the local level,
the interconnection with other European institutes
is supplemented by an increasingly closer cooperation with Braunschweig Technical University. The
“Electricity” Division is a strategic partner for the
research building “Laboratory for Emerging Nanometrology” (LENA) of the Technical University
in Braunschweig which has been approved in the
period under report. The equipment of the research
Cover picture:
Antenna scanner in PTB‘s absorber hall which allows
high-frequency electro-magnetic fields to be measured
without disturbances by reflected waves. The set-up serves
to calibrate antenna within the scope of the realization and
dissemination of the electric field strength at frequencies
above 1 GHz and to measure the scattering characteristic of
antennas of high-frequency technology.
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building LENA is intended to complement the manufacturing technology for nanostructures available
at the Division, and the precision metrology for
their electrical and magnetic characterization, by
structural and material-analytical characterization
methods. From LENA, the Division expects an intensification of the cooperation with Braunschweig
Technical University in the field of research and also
in the support of young scientists.
In the year under report, also the service sector has
been developed in a targeted way. The predominant
part of the offered calibration services can be rendered with reference to the “Mutual Recognition Arrangement” of the Metre Convention (CIPM MRA).
In this way, international recognition of the calibrations is guaranteed. The reference to the CIPM
MRA is based on carefully checked “Calibration and
Measurement Capabilities” (CMC) which are listed
in a database of the Metre Convention. With the aid
of this database, customers can provide themselves
with information about the scope and quality of the
spectrum of calibration services. In the year under
report, the Division has re-organized its list of the
CMCs to facilitate the orientation for the customer.
The international comparability of measurements is
checked and ensured by measurement comparisons
between the national metrology institutes. These
measurement campaigns are very complex. To
guarantee the international comparability of measurements in the field of electricity and magnetism
– with an efficient use of resources – the respective
committee of the Metre Convention (the Consultative Committee for Electricity and Magnetism,
CCEM) has elaborated a plan for the organization of
the comparisons which extends over ten years. The
Division has actively participated in the setting up of
this plan and will contribute to its implementation.
After this general overview, the following report will
deal with the progress achieved in 2013 in the five
focal areas.

Fundamentals of electrical metrology
The activities in the focal area “Fundamentals” are
characterized by the redefinition of the ampere on
the basis of the determination of the value of the elementary charge planned by the Metre Convention.
The direct implementation of the new definition requires single-electron current sources. The Division
is working intensively on the development of such
quantum current sources on the basis of semiconductor structures in which single electrons are trans-
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currents of 100 pA and more with a reduced uncertainty (smaller than 0.1 µA/A).

Figure 1: Electron microscopy image of a circuit with a singleelectron current source (QD), a connected charge island
(node) and two single-electron detectors (Det1, Det2). Inset:
Signals of the two detectors, recorded during the transport of
single electrons to the charge island. Each step represents a
detected electron.

ported through a conductor at a specified frequency. In this process, stochastic quantum-mechanical
tunnel processes which limit the precision of the
quantized current play a role. To increase the precision, single-electron current sources are, therefore,
integrated on a chip with single-electron detectors
(Figure 1). These detectors allow the single-charge
transport to be monitored, and the measurement
data obtained thereby can be used to determine a
more exact value for the quantity of the quantized
current. This concept of an in-situ validated or “selfreferenced” quantum current source has been developed at PTB. In the year under report, PTB has decided to pursue the implementation of this concept
with the highest priority as a “beacon project”. For
this purpose, additional resources have been made
available to the “Electricity” Division in order to
replace the narrow-band single-electron detectors
so far used by broad-band single-electron detectors
(RF SET detectors). The increase in the detection
bandwidth offers the potential to generate quantized

Single-electron current sources generate currents
up to one nanoampere. For some applications, these
currents must be amplified with quantum accuracy.
For this purpose, a novel concept, in which the current is amplified with the aid of an electronic circuit
composed of operational amplifiers and resistance
networks, has been developed in cooperation with
PTB’s Division 7. A prototype of this current amplifier with an amplification factor of 1000 has already
been manufactured and successfully tested. The improved version which is presently being developed
is to achieve an overall uncertainty of 0.1 µA/A at an
input current of 100 pA.
The function of single-electron circuits may be impaired by the absorption of microwave photons.
Therefore, the EMRP project “Microphoton”, which
was launched in the year under report, aims at characterizing the microwave background in the cryogenic environment of single-electron circuits with
a resolution at single photon level. On this basis,
methods for the suppression of microwave-photon
excitation are to be developed. In addition to the
emitters it will, in particular, be detectors for single
microwave-photons which will be investigated within the scope of the project. Some detection concepts
use Coulomb blockade circuits whose realization requires highly resistive thin-film resistors. Therefore,
micro-strip resistors of oxidized titanium have been
manufactured and investigated in the year under
report (Figure 2). It could be shown that resistors
based on titanium exhibit better characteristics – in
particular, at high frequencies in the range of 100
GHz – than the chromium resistors used so far.
In electric quantum metrology, the detection of
extremely small signals is becoming increasingly
more important. A high sensitivity can be achieved

Figure 2: Electron microscopy image of a circuit to
investigate the micro-strip
resistance of a titanium layer
10 nm in thickness.

63

Electricity

Figure 3: Microwave resonator with an integrated series
circuit of 16 Josephson junctions (dimensions: 2.5 µm ×
2.5 mm).

with the aid of the bifurcation effect which occurs
in non-linear microwave resonance circuits. For
the realization of this concept, superconducting coplanar waveguide resonators of niobium with integrated serial connections of Nb/AlOx/Nb Josephson
junctions have been manufactured (Figure 3). The
bifurcation effect could be demonstrated at a temperature of 4.2 K. It is intended to use this technology also in the EMRP project “Microphoton”.

Development of quantum and conventional
unit scales
The activities of the Division in the focal area “Scales”
are aimed at realizing and disseminating the electric
and magnetic units in an efficient and inexpensive

Figure 4: Facility for the
manufacture of graphene
from SiC. The incandescent cavity contains the
SiC substrate in a graphite
vessel (not visible) which is
heated inductively to 1600
°C by means of the external
copper coil.
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way. Thereby, the value and frequency ranges are
constantly extended in accordance with the wishes
of the customers. For the simplification of resistance
metrology, the material graphene, which was discovered only a few years ago, offers a great potential.
Graphene is a single-layer network of carbon atoms
which shows the quantum Hall effect at higher temperatures and lower magnetic fields than the Ga/
Al arsenide structures presently used for quantum
Hall resistors. Research activities of the past few
years have shown that graphene produced from SiC
is suited best for metrological applications. Therefore, an apparatus for the manufacture of graphene
from SiC has been established in the Clean Room
Centre of PTB (Figure 4). In this facility, the upper
atomic layers of a SiC substrate are broken up at very
high temperatures of more than 1600°C, so that graphene can be formed on the SiC substrate. With the
aid of Raman spectroscopy, it could be shown that
already the first carbon films produced consisted of
graphene. At present, work is concentrated on the
optimization of the graphene layers and, in particular, on the control of the electron density.
For the establishment of the resistance scale, cryocurrent comparators are used which allow resistance
ratios to be determined with the highest precision.
In the year under report, a 14-bit cryo-current comparator with a total of 17 252 windings has been established and successfully used for first comparison
measurements (Figure 5). This comparator allows
standard resistors with nominal decade values from
1 Ω to 100 MΩ to be directly calibrated against the
quantum Hall resistor. Up to now, the calibration of
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Figure 5: Toroid of the
cryogenic current comparator coated with lead (outer
diameter approx. 33 mm)
and SQUID magnetic field
sensor (chip size approx.
3 × 3 mm2).

100 MΩ standard resistors required five comparison
steps.
The possibilities for the dissemination of the unit
of current have also been improved. Here, the precise measurement of DC currents of up to 100 A is
increasingly gaining in importance – in particular
in energy measurements for photovoltaics. This
is why a measuring set-up has been established
which allows direct currents from 1 A to 100 A to
be measured with an expanded relative measurement uncertainty of 3 µA/A. In the set-up, the current measuring resistors usually used, which limit
the achievable measurement uncertainty – due to
self-heating and the low measuring voltage – to approx. 10 µA/A, are replaced by precision DC current
transducers.
For the reproduction and dissemination of the volt,
Josephson voltage standards are constantly being
further developed. In the past few years, the Division has successfully established the Nb/NbxSi1-x/
Nb technology for the production of SNS Josephson
junctions (S: superconductor, N: normal conductor)
at PTB’s Clean Room Centre. Meanwhile, binary Josephson standards with output voltages of 10 V are
manufactured routinely at PTB. For this technology, the frequency of the AC voltage generated is,
however, limited to the kHz range. Therefore, the
research and development work is continued on
pulse-driven Josephson voltage standards, as these
allow voltages with frequencies up to the MHz range

to be generated. The increase of the output voltage of
pulse-driven Josephson voltage standards requires,
however, considerable effort. In the year under report, the effective value of the output voltage could
be increased to approx. 180 mV. For this purpose,
two single SNS Josephson circuits were connected
in series on a chip. In each circuit, two layers of Josephson junctions are arranged above each other. In
this way, a total of 12 000 Josephson junctions were
interconnected on the chip. Pulse-driven Josephson
voltage standards can also be operated in so-called
small pulse-tube cryocoolers which – in contrast
to conventional cryostats – do not have to be supplied with liquid helium. This simplifies handling
the measuring equipment considerably (Figure 6).
Investigations in the year under report have shown
that the temperature stability and the refrigerating
capacity of small cryocoolers are sufficient to allow
a stable operation of pulse-driven Josephson voltage
standards.
Irrespective of their limitation to frequencies in the
kHz range, binary Josephson voltage standards allow a measurement technology to be developed
which meets a great number of requirements of
calibration laboratories and which can be directly
used in industry. In cooperation with two partners
from industry, the Division is working intensively
on the technology transfer of a Josephson-based AC
voltage measuring system within the scope of the
MSTQ Transfer Program (Metrology, Standardisation, Testing, Quality Assurance) of the Federal
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Figure 6: Experimental
set-up for the operation of
a pulse-driven Josephson
voltage standard in a small
pulse-tube cryocooler (on
the right).

Ministry of Economics and Technology. Here, very
good progress has been achieved in the year under
report: A prototype developed for use in industry
was successfully tested for AC voltage frequencies of
up to 4 kHz (see also the section “News of the Year”).
Another MSTQ project in the field of magnetic
metrology has also been successfully dealt with. In
this project, a novel digital control was developed
together with an industrial partner, with the aid of
which the magnetic properties of electro-sheets can
be measured more exactly and in an expanded frequency range.

Electrical energy measuring techniques
In the field of electrical energy measuring techniques, the Division deals with the metrological
questions which arise from the current energy policy
decisions, e.g. from the energy transition and the resulting requirements for the power grid or through
the development of electro-mobility. The field of
electrical energy measuring techniques has strongly
benefitted from the first round of the EMRP, whose
projects were started in 2010 and were successfully
concluded in the year under report. Within the scope
of these projects, the Division has taken up metrological issues in connection with energy transmission. For the metrological support of the high-voltage direct current (HVDC) transmission, a voltage
divider for the measurement of DC voltages of up to
1 MV has been developed in cooperation with other
European metrology institutes. Other developments
in the field of HVDC relate to DC electrical energy
meters, measuring systems for the characterization
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of mixed voltages composed of a high DC component with superposed AC voltage, and the traceability of the efficiency of converters which couple the
HVDC network to the AC network.
In modern, sustainable energy networks, voltages
of up to 800 kV are today not only used for HVDC
transmission but also for AC transmission. Therefore, the equipment used must be designed and tested for voltages in the megavolt range. For the calibration of the measuring systems required for this
purpose, the latest version of the international highvoltage standard IEC 60060 recommends performing comparison measurements, if possible, up to the
nominal voltage. For this purpose, the first stage of
a three-stage damped capacitive voltage divider for
lightning and switching impulse voltages of up to
1.5 million volts has been developed.
To support electro-mobility, a mobile calibration
device has been developed and installed in cooperation with PTB’s Division 8, which allows not only
the electrical energy meters installed in electric
cars, but also the electrical energy meters installed
publicly in electric current charging stations for
the purpose of billing to be calibrated and tested.
The measuring system meets the requirements for
the relative measurement uncertainty for electrical
power of 10-4.

High-frequency and terahertz metrology
In the focal area “high-frequency”, the measurement
capabilities in the GHz and THz frequency range
are systematically being further developed. For the
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further development of antenna and field measuring technology, a new measuring set-up for antenna
characterization between 3 GHz and 325 GHz has
been put into operation in the absorber hall of PTB
(see the title page of the Report of Division 2). The
antenna scanner allows the directional characteristics of an antenna under test to be scanned on a
sphere surface with the aid of a second measurement antenna. The set-up is used within the scope
of the realization and dissemination of the electric
field strength and for the measurement of the scattering characteristics of antennas of high-frequency
technology.
For the further development of high-frequency
power measuring technology, the Division is developing, together with an industrial partner, a transfer
standard for frequencies of up to 110 GHz which
is based on thermo-electric detection. The transfer
standard can be calibrated in the microcalorimeters
of PTB and is supposed to replace the thermistor
sensors which have been used so far for the dissemination of high-frequency power and which are no
longer commercially available.
The development of metrology for on-site field
strength measurements also has made good progress. Figure 7 shows an octocopter which – as a
flying measurement platform – can be fitted with
different antennas to measure the field strength of
transmittors of instrument landing systems for airtraffic control. These activities are performed within
the scope of a project funded by the Bundesaufsichtsamt für Flugsicherung (Federal Supervisory Office for Air-traffic Control - BAF). The technology is

supposed to be used also for a joint research project
funded by the Federal Ministry for the Environment,
Nature Conservation, Building and Nuclear Safety, in
which the interference effect of wind energy plants
on radar systems of air-traffic control, national defence and meteorological observations will be investigated.

Metrology for magnetic nanostructures
In the year under report, the technological basis for
the development of metrology for the characterization of magnetic nanostructures has been extended.
For this purpose, a facility for the deposition and
etching of magnetic materials was installed and put
into operation in PTB’s Clean Room Centre. As the
Clean Room Centre is also equipped with suitable
lithography systems, the complete process chain
for the manufacture of nanomagnetic test objects is
available.
Currently, the activities in the focal area Metrology for magnetic nanostructures are concentrated on
measurands of spin caloritronics. Spin caloritronics
deals with thermal effects in spin electronics. On
this subject, the EMRP project “SpinCal”, which is
coordinated by the “Electricity” Division, has been
launched in the year under report. Within the scope
of this project, PTB succeeded for the first time in
determining experimentally the magnetic field dependence of the thermoelectric efficiency of a Co/
Cu multilayer (Figure 8). Thermoelectric efficiency
indicates how efficiently thermal energy, e.g. the
waste heat of an electric device, can be converted
into useable electric energy. Although the giant

Figure 7: Octocopter with
measurement antennas for
the on-site determination
of the field strength, e.g. in
the vicinity of wind energy
plants.
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magneto-resistance of Co/Cu multilayers changed
by only approx. 30 % when a magnetic field was applied, a simultaneous change of the thermoelectric
efficiency of up to 50 % was detected. In future, such
effects could allow thermoelectric generators to be
developed which can be switched by magnetic fields.

Figure 8: Micro-structured Co/Cu multi-layer sample. The
sample was structured in a strip (centre) with connected
electric contacts (1-8). By lateral heating, a temperature difference is generated over the strip so that the thermoelectric
properties can be measured. The colour bar illustrates the
temperature distribution in the strip.
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Headlines: News from the Division
Fundamentals of Metrology
Increase in the output voltage of the JAWS voltage standard by stacking Josephson junctions in
a series connection
(O. Kieler, FB 2.4, oliver.kieler@ptb.de)
Operation of a JAWS system in a small cryocooler demonstrated
(O. Kieler, FB 2.4, oliver.kieler@ptb.de)
Successful use of PTB nano-SQUIDs for scanning-SQUID-microscopy
(O. Kieler, FB 2.4, oliver.kieler@ptb.de)
Ultra-high resistance micro-stripe resistors of
TiOx for use in Coulomb blockade circuits
(S. Lotkhov, FB 2.4, sergey.lotkhov@ptb.de)
Pressure sensor with carbon nanomembrane
(M. Bohrisch, FB 2.4, martin.bohrisch@ptb.de)
Bifurcation effects in superconducting microwave resonators with integrated Nb Josephson
junctions
(M. Khabipov, FB 2.4, marat.khabipov@ptb.de)
Quantum-based generation of AC wave forms
(F. Hohls, FB 2.5, frank.hohls@ptb.de)
Manufacture of epitaxial graphene at PTB
(K. Pierz, FB 2.5, klaus.pierz@ptb.de)
Novel photocurrents by non-resonant excitation
of two-level systems
(M. Bieler, FB 2.5, mark.bieler@ptb.de)
Counted: Characterization of a semiconductor
single-electron pump by single-charge detection
(L. Fricke, FB 2.5, lukas.fricke@ptb.de)
Optically steerable terahertz source
(H. Füser, FB 2.5, heiko.fueser@ptb.de)
Magnetic-field dependence of the thermoelectric
efficiency of Co/Cu multilayers
(X.Hu, FB 2.5, xiukun.hu@ptb.de)
Control of magnetic domain walls in magnetic
nanowires
(P. Krzysteczko, FB 2.5, patryk.krzysteczko@ptb.de)

Time-dependent dynamics of magneto-optically
induced photocurrents in GaAs
(C.B. Schmidt, FB 2.5, christian.b.schmidt@ptb.de)
Electric characterization of graphene from aromatic molecules
(F. J. Ahlers, FB 2.6, franz.ahlers@ptb.de)
Direct, precise, flexible: Novel high-winding
cryo-current comparator offers extended
measurement and calibration capabilities for
electric resistors
(M. Götz, FB 2.6, martin.goetz@ptb.de)
Novel current amplifier for traceable, high-precision measurements of smallest electric currents
(D. Drung, H. Scherer, FB 7.2, 2.6, dietmar.drung@ptb.
de, hansjoerg.scherer@ptb.de)

Metrology for the Economy
Isothermally operated thermoconverter for the
traceable power measurement of non-sinusoidal
signals
(T. Funck, FB 2.1, torsten.funck@ptb.de)
Semi-automatic measuring set-up for the calibration of direct currents up to 100 A
(B. Schumacher, FB 2.1, bernhard.schumacher@ptb.de)
Van der Pauw measuring set-up for the determination of material properties of metals and
semiconductors
(B. Schumacher, FB 2.1, bernhard.schumacher@ptb.de)
Measuring set-up for antenna characterization
put into operation
(T. Kleine-Ostmann, FB 2.2, thomas.kleine-ostmann@
ptb.de)
Development of high-frequency power transfer
standards for the millimetre wave range
(R. Judaschke, FB 2.2, rolf.judaschke@ptb.de)
New 16-term procedure for correction of the
cross-talk in on-wafer measurements in the submm wave range developed
(U. Arz, FB 2.2, uwe.arz@ptb.de)
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New voltage divider for lightning and switching
impulse voltages of up to 1.5 million volts
(W. Lucas, FB 2.3, wolfgang.lucas@ptb.de)
Establishment and industry transfer of a novel
digital control for the determination of the magnetic properties of electrical steel sheets
(J. Lüdke, FB 2.5, joachim.luedke@ptb.de)
Quantum voltmeter to measure AC voltages for
industry
(R. Behr, FB 2.6, ralf.behr@ptb.de)

Metrology for Society
First results in the project “Influence of highfrequency fields of mobile phones on the hemopoietic system in vitro”
(T. Kleine-Ostmann, FB 2.2, thomas.kleine-ostmann@
ptb.de)
Start of the project on the determination of the
field strength of terrestrial navigation systems
(T. Schrader, FB 2.2, thorsten.schrader@ptb.de)
Start of the project on the investigation of the
interference effect of wind energy plants on radar
systems (WERAN – interaction wind energy
plants and radar/navigation)
(T. Schrader, FB 2.1, thorsten.schrader@ptb.de)
Development of a measuring system for the
calibration and testing of electricity measuring
devices in charging points for electric cars
(M. Seckelmann, FB 2.3, michael.seckelmann@ptb.de)
Development of minimum requirements for the
user-friendliness of interaction interfaces on
measuring devices for electricity
(M. Kahmann, FB 2.3, martin.kahmann@ptb.de)
Improved requirements and testing instructions
for the approval of electric pulse devices for personal safety and in the field of animal husbandry
(H. Seifert, FB 2.3, helmut.seifert@ptb.de)

International Affairs
Conclusion of the project “Metrology for Energy
Harvesting”
(J. Melcher, FB 2.1, juergen.melcher@ptb.de)
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Joint Research Project Q-WAVE “A quantum
standard for sampled electrical measurements”
launched
(J. Kohlmann, FB 2.4, johannes.kohlmann@ptb.de)
Spintronics and spin caloritronics of magnetic
nanostructures
(H. W. Schumacher, FB 2.5, hans.w.schumacher@ptb.
de)
Joint Research Project “AIM QuTE: Automated
impedance metrology extending the quantum
toolbox for electricity” launched
(L. Palafox, FB 2.6, luis.palafox@ptb.de)
Joint Research Project “Quantum resistance metrology based on graphene” launched
(F. J. Ahlers, FB 2.6, franz.ahlers@ptb.de)

