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Quantum sensors for metrology based on single-atom-like device
technology
Overview
In 2018 the global market for magnetic sensors alone was €1.7 billion. Quantum sensors (QS) could potentially
revolutionise any area where accurate sensors are required and the development of metrology for these is one
of the four aims of the EU’s Quantum Flagship agenda. The scale-up and commercialisation of QS requires
independent and rigorous testing for the new devices and systems. This project aims to develop a new class
of single-atom-like QS devices, together with techniques for their characterisation. It will define optimal
methods to assess reproducibility in the production and characterisation of QS systems. These new devices
promise to provide nanoscale high-sensitivity measurements of properties such as electro-magnetic fields,
temperature and stress, allowing European NMIs to develop the infrastructure and reliable standards for the
emerging QS technology sector.
Need
Despite the wide potential use of quantum technologies in quantum-computing, -communications
and -sensing, their commercialisation has been identified as one of Europe’s biggest industrial challenges.
Most of the immediately foreseen applications for QSs target high-precision devices and niche applications
rather than mass-market applications. New test and validation methods need to be developed for the
independent, rigorous testing of new quantum devices and systems in order to be able to bring them to market.
This requirement has been cited by a significant number of early quantum adopters and companies
(e.g. Bosch, Thales, Qnami, NVISION, MUQUANS, AOSENSE), which are looking at exploiting Quantum
Technology (QT). They need the quality of their prototypes, and subsequently of their commercial devices, to
be ensured. Tools need to be developed to assess the performance and the reliability of these devices.
Furthermore, in the field of material development, standardisation would be beneficial. Material development
is key for all devices based on solid-state sensors in order to build reproducible and reliable components.
Traditionally, negatively charged Nitrogen-Vacancy (NV) centres in diamond (or other suitable materials) are
used as QS materials, however more recently novel optically active centres in diamond (and other suitable
materials) have been identified as a better way to develop nanoscale magnetic field, electrical field and
temperature sensors. Single-atom-like systems (SALS) involving ‘ion implantation’ where a charged atom is
magnetically ‘fired’ at the vacancy in the substrate, have the potential to measure several physical quantities
with unprecedented spatial resolution and high sensitivity, and these need to be investigated and
characterised. The goal is a ‘deterministic’ ion implantation process where it is possible simultaneously to
control the number of implanted ions, their accurate nano-positioning, and their optical activation with unit
probability. Although significant effort in this field exists in Europe, there are currently no facilities available at
European NMIs with the capability to create single-atom-like QSs realised via deterministic ion implantation,
whether based on diamond or other materials. There is currently a lack of effective techniques for realising
nanoscale QSs including standardised synthesis processes to produce material with reproducible performance
and quality, as well as reproducible techniques for the production and measurement of the QS including their
optical activation, modelling and traceability.
These needs are in line with the objectives and the scope of the EURAMET European Metrology Network for
Quantum Technologies (EMN-Quantum). By providing reliable material, high creation efficiency and device
qualification, these results will ultimately lead to marketable QS products and help the EU achieve its quantum
goals.
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Objectives
The overall objective of the project is to foster the development of QSs for metrology based on single-atom-like
device technology.
The specific objectives of the project are:
1. To develop single-atom-like systems in diamond or other suitable materials, e.g., silicon carbide (SiC),
silicon (at different ion energies in the 20 keV - 50 keV range) and 2D materials (ion energies in the
15 keV - 30 keV range), using controlled ion implantation, aiming at a deterministic placement of
individual emitters with a spatial resolution below 500 nm in a single-ion regime, and to develop the
associated metrological capabilities to support this.
2. To develop robust and accurate QSs using controlled implantation based on NV centres in diamond
(or other suitable materials) for the measurement of magnetic fields, electric quantities, temperature,
and stress (as well as other possible physical observables of interest). In addition, to metrologically
compare the sensitivity of these QSs with state of art nitrogen-vacancy (NV)-based sensors.
3. To investigate the possibility of developing QSs for the measurement of magnetic fields, electric
quantities and temperature via deterministic controlled ion implantation based on novel defects in
diamond (including promising complexes based on Si, Ge, He, Sn, Pb and other impurities) and in
other suitable materials.
4. To develop reliable methods for the production (e.g. conventional and non-conventional annealing in
the 600 °C - 1200 °C temperature range) and measurement of single-atom-based sensor devices,
including modelling their behaviour via tight-binding methods. In addition, to develop the necessary
traceability chains for such single-atom-based sensors in the photon flux regime of 107 - 108 photons
per second (approximately in the 600 nm - 900 nm wavelength range).
5. To facilitate the take up of the knowledge, technology and measurement infrastructure developed in
the project by the measurement supply chain, standards developing organisations (ISO, CEN) and
end users (quantum sensing, computing, and communications).
Progress beyond the state of the art and results
In order to support the development of the 2nd quantum revolution and to boost the commercialisation of smaller
and more sensitive sensors, there is a strong need for certified tools for their characterisation, testing and
validation, as this is limiting the development of QTs. This project addresses this issue as follows:
Objective 1: Development of single atom-like systems aiming at deterministic ion implantation with metrological
control (target spatial resolution below 500 nm)
Colour centres such as NVs and silicon-vacancy centres in diamond are the most studied systems for QT
applications. Ion implantation can be exploited for quantum device manufacturing but there remain significant
challenges in the scalability of deterministic ion implantation, which requires the implantation process to be
repeated at fast rates up to 10 implanted spots per minute. Nanometre-sized positioning cannot be achieved
using conventional systems, and a fully deterministic process has not yet been practically achieved. This
project will exploit an ion beam irradiation implanting facility targeted at single ion delivery, based on the
accurate control of the beam position as well as a real-time, number-resolved feedback on the impact of ions
on the target substrate. The combination of these technical solutions, together with a systematic study aimed
at the optimisation of the centre’s activation by annealing processes, will pave the way towards the definition
of a fully deterministic ion implantation process (targeting a spatial resolution below 500 nm). Its achievement
will be crucial for the practical implementation of quantum information processing devices based on solid-state
single-atom-systems (e.g. an array of single NV centres at pre-defined, nm-spaced positions), and towards
the standardisation of material production and characterisation techniques. Controlled fabrication of SALSs
will be assessed by the concurrent development of techniques based on the optical and structural
characterisation of the sample. This will be a crucial step towards the standardisation of material production
and characterisation techniques.
Furthermore, the possibility to fabricate SALS-based sensors in host materials other than diamond (i.e. a
high-potential, vastly unexplored research field) such as Si, SiC and 2D materials such as hexagonal Boron
Nitride (h-BN), will be investigated.
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Objective 2: Development of robust and accurate Quantum Sensors using controlled implantation based on
NV centres
This project will develop robust and accurate magnetic field, electric quantities, temperature and stress QSs.
This objective will be achieved using a setup for the characterisation of sensors, that will be developed
specifically for the project and it will feature novel techniques for reaching high sensitivity (based on,
e.g., lock-in detection, multi-pulse decoupling techniques for magnetometry and environmental
EM-noise-insensitive thermometry). This will be the first comprehensive quantum sensing facility for the
characterisation of SALSs in a NMI network. NV-based magnetic sensors with a target sensitivity below
50 nT/Hz1/2 in a 1 µm3 sensing volume will be realised, characterised, and compared with
state-of-the-art-sensors (ranging from a few nT/Hz1/2 to hundreds of nT/Hz1/2 for commercial sensors,
depending on the sensing volume). Sensor prototypes will be developed for industrial application in RF
spectroscopy, magnetometry, pressure measurements and biosensing.
Objective 3: Investigation of feasibility for Quantum Sensors based on novel defects
Alternative non-NV-based QSs will be investigated (based on, e.g. Si, Ge, He, Sn, Pb and other impurities in
diamond) and they will be characterised at room temperature and in cryogenic conditions. The properties of
these sensors will be compared with state-of-the-art sensors. Furthermore an investigation of the utilisation of
SALSs based on host materials other than diamond (such as Si, SiC and 2D materials, e.g. h-BN, or other
identified suitable materials) for use as quantum-enhanced field sensors will be explored for the first time with
the purpose of untapping their potential for industrial and metrological applications (such as for instance the
development of miniaturised hard disk drives, a new generation of non-invasive diagnostic techniques and
biosensors for sub cellular thermometry and brain current mapping, quantum based accelerometers,
gravimeters, rotation sensors, etc.).
Objective 4: Development of reliable methods for the production and measurement of single-atom-based
sensor devices
The identification of reliable methods for the optical activation of the SALSs upon ion implantation, is an
essential requisite for the achievement of a fully deterministic, industry standard-compatible fabrication
process. There is currently no dedicated traceability chain for the photoluminescence properties of SALSs.
The accomplishment of this objective will be supported by the theoretical modelling of single-atom tight-binding
methods. A strong interplay between the modelling activities with the experimental activities on controlled ion
implantation will offer guidance for the refinement of the ion implantation methods, while the characterisation
of the implanted prototypes will feed the fine-tuning of the theoretical tools. Furthermore, traceability of the new
sensors will be provided to radiometric standards.
Impact
Impact on industrial and other user communities
The QSs developed in this project will have an impact in several industrial fields in areas such as physics,
nanotechnology, medicine, mobility, biology, data storage and processing. The results will prompt the
technological development of quantum sensing, thanks to the realisation of a new class of accurate and robust
quantum devices, and to the development of reliable techniques for the characterisation of QS materials and
prototypes. In particular, the SALS-based sensors will enable the more accurate measurement of physical
observables ranging from electromagnetic quantities, temperature, pressure, force, etc., allowing high
sensitivity measurements with nanoscale spatial resolution and this will provide clear advantages in biological
applications and in the characterisation of nanodevices. The techniques developed for the validation and
testing of both SALSs and host materials developed in the project will be of direct benefit by providing reliable
common ground for material and device qualification, enabling users to compare devices produced by different
suppliers. The developed sensors could also become commercial products themselves, as they will be useful
for companies active in the fields of QT, e.g. the communication industry, metrology equipment companies,
hi-tech industries and dynamic quantum spin-off companies.
Also, the advances in both ion implantation manufacturing and in the standardisation of low-fluence or
single-ion delivery techniques will offer a clear path towards the deployment of a key-enabling technology for
the advanced large-scale manufacturing of quantum devices at the nanoscale. This will not be limited to
quantum devices, but it will also offer manufacturing techniques for nano-technology devices, e.g. fabrication
and activation of single-dopant devices, single-event upsets analysis with nanometre spatial resolution, and
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novel lithography techniques at the nanoscales. The ion implantation techniques will also find application in
the manufacture of semiconductor devices.
Impact on the metrology and scientific communities
The possibility to systematically build quasi-atomic scale sensors with high sensitivity and efficiency will affect
the current status of quantum metrology, providing as a direct consequence, an increased measurement
capability for several physical observables (e.g. electromagnetic quantities, temperature, pressure, force, etc.)
with high sensitivity and extreme spatial resolution. This will be of great impact in the measurement science
community in several fields, such as medical imaging. The fabrication and characterisation methods developed
in SALSs will also lead to the manufacturing of solid-state Fock state sources. This will enable the development
of quantum processors based on boson sampling and photonic quantum walks, as well as offering a central
resource to boost quantum-enhanced techniques such as quantum radar and sub-shot-noise imaging.
Impact on relevant standards
The single-atom sensors developed within academic research programmes and in industrial R&D programmes
are still at a proof of principle stage (Thales spectrum analyser, etc.), but they are expected to become mature
products during the lifetime of the project. Moreover, the new “quantum SI”, directly linked to fundamental
physical constants, will benefit from quantum measurement standards which will simplify calibration and
measurement services for the new quantum prototypes in general, and for QSs in particular. The work in this
project will lead to standard ways to characterise quantum sensing devices with different techniques and
equipment being defined. However, the development of standardisation in this area is at an early stage. In
order to identify any new standardisation needs emerging from the QT community, CEN-CENELEC has
recently created a Quantum Technologies Focus Group (QTFG). Several project partners are members of this
QTFG and through them the project will contribute to any quantum sensing and metrology standardisation
efforts that emerge.
Longer-term economic, social and environmental impacts
This project will contribute to the growth and consolidation of the QT market by potentially offering new types
of QSs based on diamond and other materials, which will lead to a number of long term societal and economic
benefits, especially in terms of:
•

Breakthroughs in medical imaging, and drug design and efficacy, leading to corresponding
breakthroughs in disease diagnosis and treatment as well as in low-cost diagnosis systems,

•

Environment benefits through optimised battery management, lower consumption electronics devices
or through the reduction of electronic pollution,

•

Optimised wireless communications resulting from cognitive radio capabilities being extended to the
5 GHz - 25 GHz frequency range,

•

The emergence of a new industry and new companies, thus creating new job opportunities. QSs will
be at the heart of the Quantum internet of Things with a strong transformative effect on society in the
long term.

This project will support the development of applications of QS technologies that will ultimately lead to concrete
marketable products, such as a multi-purpose magnetometer and an NV-based RF sensor. The launch of
start-ups such as Qnami is concrete proof of how QT can be moved forward on the TRL scale and make
Europe an attractive place for business investments.
QSs are expected to take a significant part in the large sensor market. According to recent studies by Grand
View Research Inc., the global magnetic sensor market size was valued at USD 2.0 billion in 2018, while
demand was estimated at 3,398.3 million units that year. The market is projected to register a revenue-based
compound annual growth rate (CAGR) of 6.8 % from 2019 to 2025.
This includes sensors for bio-medical applications. In the field of current sensing for automotive applications,
the world market size amounts to 100 M€, and 3 axis magnetometers account for 350 M€ of worldwide
revenue.
Having a non-invasive magnetic imager such as the NV-centre magnetic imager will open a market of about
2 million € to 5 million € per year for the next 5 to 10 years. These are conservative numbers of course; if the
price and usability of the resulting instrument is impacting the innovation quality of the material science, the
figure can easily be multiplied by 10.
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Driven by 5G communications development, the microwave devices market should reach 11.86 billion US$ by
2024. In the same way, the development of the antenna market should experience a 6 % compound annual
growth rate to reach 22.5 billion US$ by 2021. Furthermore, electromagnetic compatibility (EMC) is now a big
issue for the development of high-speed electronic devices and it should represent a 5.01 billion US$ market
by 2020.
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