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Summary 

The first part of the thesis - chapter 1 presents to the reader an introduction into 
the rich application potential of NV centres and contextualize their benefits. The 
chapter 1 also summarizes the framework of the thesis, and it spells out the 
specific aims of the thesis. 

Chapter 2 provides a comprehensive description of the NV centre energy 
structure, as well as the principles of detection of magnetic resonance in 
diamond, utilizing both optical and photoelectric readout methods. The 

background knowledge, presented in Chapter 2, gives insights into more 
advanced approaches such as Continuous Wave (CW) vector magnetic field 

measurements and pulsed quantum protocols. Furthermore, it summarizes the 
magnetic field sensitivities of above-mentioned methods. Chapter 2 also briefly 
covers the material aspects of diamond and the NV centre engineering and 
explains lithography techniques needed for fabrication of diamond devices 
including readout electrodes and microwave antennas. 

Chapter 3 covers the experimental setup construction used for the ODMR and 
PDMR measurements. Also, the diamond device fabrication, entailing lithography 
patterning steps on diamond is described here. It provides a summary of the 
samples used within this work, as well as the methodology of lithography 
processes and device fabrication by using both optical lithography and e-beam 
lithography. Finally, it covers the laboratory measurement setups, their layout 

and key components, as well as a short description of the software and system 

automation.  

Next chapters ranging from chapter 4 up to chapter 7 are peer reviewed papers 
to which the author significantly contributed as main author or co-author. 

Chapter 4 covers the MW triggering detection method that has been developed 
and that is utilizing the lock-in readout. This methodology was developed within 

this thesis and was successfully patented [29] and published [3]. The benefit of 

this method for PDMR is an extraction of the effective portion of the NV electron 
spin signal, affected by the microwave field magnetic resonance driving, and 
which has a positive effect on the SNR of the signal.  

Chapter 5 covers the PDMR magnetic field detection sensitivity optimization and 

improvements by utilizing the yellow-green excitation and readout laser. 
Chapter 6 expands the PDMR application potential by exploiting the possibility of 
a microwave free readout method based on Ground State Level AntiCrossing 

(GSLAC) [30]. Chapter 7 covers the single pixel diamond magnetometer device 

developed within the student project OSCAR-QUBE, for the ISS onboard mission.  

And finally, Chapter 8 is the conclusion of the work done within this thesis and 
its future outlooks. 
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Samenvatting 

Het eerste deel van het proefschrift - hoofdstuk 1 - geeft de lezer een inleiding 
in het rijke toepassingspotentieel van NV-centra en contextualiseert hun 
voordelen. Hoofdstuk 1 vat ook het kader van het proefschrift samen en 
beschrijft de specifieke doelstellingen van het proefschrift. 

Hoofdstuk 2 geeft een uitgebreide beschrijving van de energiestructuur van NV-
centra, alsmede de beginselen van de detectie van magnetische resonantie in 
diamant, waarbij gebruik wordt gemaakt van zowel optische als foto-elektrische 

uitleesmethoden. De achtergrondkennis, gepresenteerd in hoofdstuk 2, geeft 
inzicht in meer geavanceerde benaderingen zoals Continuous Wave (CW) vector 

magnetische veldmetingen en gepulseerde kwantumprotocollen. Voorts wordt 
een overzicht gegeven van de magneetveldgevoeligheid van bovengenoemde 
methoden. Hoofdstuk 2 behandelt ook kort de materiële aspecten van diamant 
en de NV-centrumtechniek en legt de lithografietechnieken uit die nodig zijn 
voor de fabricage van diamantapparaten, waaronder uitleeselektroden en 

microgolfantennes. 

Hoofdstuk 3 behandelt de experimentele opbouw van de ODMR- en PDMR-
metingen. Ook de fabricage van diamantapparaten, waarbij lithografische 
patronen op diamant worden gemaakt, wordt hier beschreven. Het geeft een 
overzicht van de in dit werk gebruikte monsters, evenals de methodologie van 
de lithografieprocessen en de fabricage van het apparaat met behulp van zowel 

optische lithografie als e-beam-lithografie. Ten slotte worden de 

meetopstellingen in het laboratorium, de lay-out en de belangrijkste onderdelen 
ervan behandeld, evenals een korte beschrijving van de software en de 
systeemautomatisering.  

De volgende hoofdstukken, van hoofdstuk 4 tot en met hoofdstuk 7, zijn peer 
reviewed artikelen waaraan de auteur als hoofdauteur of co-auteur een 
belangrijke bijdrage heeft geleverd. Hoofdstuk 4 behandelt de ontwikkelde MW-

triggerdetectiemethode die gebruik maakt van de lock-in uitlezing. Deze 
methode is binnen dit proefschrift ontwikkeld en met succes gepatenteerd [29] 
en gepubliceerd [3]. Het voordeel van deze methode voor PDMR is een extractie 
van het effectieve deel van het NV elektronenspinsignaal, dat wordt beïnvloed 
door de magnetische resonantiesturing met microgolfveld, en dat een positief 

effect heeft op de SNR van het signaal.  

Hoofdstuk 5 behandelt de optimalisering van de gevoeligheid van de PDMR-

magneetvelddetectie en verbeteringen door gebruik te maken van de geelgroene 
excitatie- en uitleeslaser. Hoofdstuk 6 breidt het toepassingspotentieel van 
PDMR uit door gebruik te maken van de mogelijkheid van een microgolfvrije 
uitleesmethode op basis van Ground State Level AntiCrossing (GSLAC) [30]. 
Hoofdstuk 7 behandelt de diamantmagnetometer met één pixel, ontwikkeld 
binnen het studentenproject OSCAR-QUBE, voor de ISS-boordmissie.  

Hoofdstuk 8 tenslotte is de conclusie van het werk dat binnen dit proefschrift is 
verricht en de toekomstperspectieven. 
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1. Chapter 1 - Preface 

Quantum technology research is a novel and fast-growing field, aiming at 
producing new and improved applications over time. In recent years quantum 
sensing has emerged, exploiting the strong reactivity of quantum systems to 

external disturbances [1]. The quantum system of our interest is a nitrogen 

vacancy (NV) diamond-based magnetometer. Its working principle relies on the 
NV centre, an optically active paramagnetic point-defect, known as a solid-state 
qubit, characterized by a long spin coherence time and well-defined optical 
transitions. Individual centres can be employed to reach nanoscale resolution, 
while NV ensembles can be used as non-invasive magnetic probes with 

theoretical fT/√Hz. [2] NV centre shows a range of additional highly desirable 

sensing characteristics: wide dynamic range (fT – T) of detection, wide 
bandwidth (DC – MHz), response time of around 100 ns to AC magnetic fields, 
robustness, radiation hardness and thermal stability.  

The use of a photoelectric readout method, developed by our research group in 
2015, called Photoelectric Detection of Magnetic Resonance [3] (PDMR), has been 

a key factor in improving the signal collection efficiency and brought the 
prospects of on-chip integration. The NV centres are located along four different 

orientations of diamond lattice which can be utilized for vector magnetometry. 
The optimisation of the detection performance using this technique is therefore 
the main content of this thesis. 

For sake of demonstration of the practical application of the diamond based 
magnetometry, the student project OSCAR was initiated, appending on some of 
the scientific results presented in the thesis. Within this project a prototype of an 

Optically Detected and Photoelectrically Detected Magnetic Resonances (ODMR 
and PDMR) based magnetometer was developed as an engineering model to be 
used on the International Space Station (ISS). The resulting device meets the 
requirements of space magnetometry and from September 2021 to July 2022 
utilizes the large geographical coverage provided by ISS and ICE Cubes facilities 
to map the magnetic field of the Earth and fields onboard the station. The ten-
month duration experiment, being part of the ‘Orbit Your Thesis!’ programme of 

ESA [4] will provide enough time to characterize slowly changing components of 

the magnetic field. By acquiring information along four different orientations of 
NV centres, it is possible to distinguish between the different sources 

contributing to this field on different temporal and spatial scales. In addition to 

the scientific work presented in the thesis and supported by results of the 
previous OSCAR projects, the OSCAR-QUBE project allowed for involving a team 
of interdisciplinary Bc. and MSc. students working together on wider 
magnetometry problematics and bringing NV magnetometry from the lab 
towards real-world applications. As an additional value of the concepts 
developed in the thesis the OSCAR-QUBE project enables participating students 
to contribute with innovative and creative, yet technically and scientifically 

sound ideas and solutions to the realisation of engineering magnetometer model 
and at the same time to increase their knowledge to become the next 
generation of experts ready to strengthen the European space and quantum 
research. 
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1.1. Aims of the thesis 

The main objective of this PhD work is to study diamond NV centre spin-state 

detection principles and to develop and profoundly test diamond-based devices 
for measurements of magnetic fields. To this end, the thesis is aimed at 
developing an original method called the Photocurrent Detection of Magnetic 
Resonance (PDMR). The target result of this PhD work is to demonstrate a single 
pixel magnetometer chip operating using the PDMR quantum protocols, 
integrated with peripheral electronics. The thesis thus combines aspects of 

photonics, optics, advanced material engineering and quantum sensing.  

The devices are constructed from diamond crystals by engineering the NV colour 

centres in them and further equipped with optimized electrical contacts and 
microwave (MW) antennas. The mechanism for reaching the highest signal/noise 
ratios and shot-noise limits are studied.  

The functionality of the developed prototypes is demonstrated by measuring a 
calibrated magnetic field applied externally by e.g., Helmholtz coils. As the title 

of this work suggests, it will address the whole journey from fundamental 
working principle, towards the development of portable unit for advanced 
(space) applications.  

The thesis achieved specifically the following points: 

I. Development of robust and reproducible lithography process on diamond 

samples 
II. Study of the ODMR and PDMR quantum operation protocols, signal-to-

noise-ratio and quantum detection limits.  
III. Research to optimize the sensing device layout. The optimization 

consists of the material selection (number of NV centres and their 
quantum mechanical characteristics), contact design, optimization of 
external electron detection including specific preamplifiers and lock-in 
detection and excitation fields optimization (microwave, laser). 

IV. Exploration of advanced operation principles of PDMR based 
magnetometry. 

V. Demonstration of single pixel devices and their characteristics under 
application of an external magnetic field and their utilization for vector 

magnetometry. The device is aimed at sensing of solar wind and in-situ 
measurements in Low Earth Orbit (LEO) of International Space Station 
(ISS). 
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1.2. Applications of NV centres based 

magnetometry 

The NV-based magnetometry benefits and originates from a combination of a 

high sensitivity and wide dynamic range magnetic field detection [5], as shown in 

the Figure 1. Additionally, NV based sensors are also working in wide range of 
temperature, including room temperature. The sensing element is are single or 
ensemble of NV centres in crystalline lattice of a diamond, which allows for 
significant miniaturization of the entire sensor or of at least the sensing head.  

 

Figure 1 Magnetometer dynamic range comparison (partial selection) [5].  

Based upon diamond material’s suitability for operating in harsh environments, 
one of the interesting niche applications of NV diamond sensors is the space 
environment. The benefits for constructing ultrasensitive quantum 
magnetometers can be seen in a better characterization of the Earth’s magnetic 
field, and even, for example, future possible usage by Global Navigation Satellite 
Systems (GNSS). An improved knowledge about the quantum sensing field 

might aid in creating future GNSS systems with a higher positional accuracy. 

This would be also an advantage for the navigation of cars, boats, and airplanes. 
The aviation industry could also benefit from the fast characterization of changes 
in the magnetic field, enabled by the fast response time of NV magnetometry. A 
quick determination of the weak Earth’s surrounding field could, for example, 

protect high-flying airplanes from charged particles [6] etc. 

Another magnetometry application is to measure the lithospheric magnetic field 
of the Earth. This originates from magnetized rocks in the Lithosphere. This 
could aid in the detection of large metal resources in our Earth’s crust, which 
would be useful for mining, and the characterization of geological provinces, and 

could be used in geological studies. [7] However the properties of NV centres in 

diamond are highly interesting in multiple scientific and application branches for 

which magnetometer can be envisioned. 
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The usage of NV spin centres has much wider perspectives, for example in the 

nanoscale nuclear magnetic resonance (NMR) sensing. It has been, for example, 

used to detect protons in an organic sample external to diamond [8] and in other 

sensing situations [1], [9]. Using a spin echo, the NV centre is able to sense sub-

nanotesla field fluctuations from the protons, enabling both time-domain and 

spectroscopic NMR measurements on the nanometre scale [10], [11] which is a 

longstanding challenge. Although many technical issues remain, the potential of 
three-dimensional nanoscale imaging with room-temperature operation and the 
elemental selectivity of the NV-based nano NMR could become an important 
complement to current state-of-the-art nanoscale imaging techniques such as 

cryo-electron tomography and magnetic resonance force microscopy [12]–[14]. 

Drug analysis by pharmaceutical researchers and molecular analysis, in general, 
might also benefit strongly from this technique. 

As diamond is biocompatible and presents a low toxicity, nano-diamonds 

containing NV centres can also be inserted into living objects such as living cells 
or whole organisms. The NV centre shows an excellent photostability and the 
surface of nano-diamonds can also be functionalized so that they can attach to 
specific sites in the cell, which enables a local monitoring of biological activity, 

which is of a great interest for cellular biology [5], [15], [16]. Also, the medical 

diagnostics can benefit from NV magnetometry. A study investigating the 
potential of a new generation magnetometers for magnetoencephalography 
(MEG) has been performed [17]; the use of NV centres can lead to an increase of 

the dynamical range of detection and the spatial resolution and resolve problems 

with the external magnetic field shielding. This is possible because of the small 

size and room-temperature operation of NV diamond-based sensors, which 
might allow to place sensors directly on the scalp surface. If the noise floor of 
the NV sensor could reach the one of conventionally used SQUID 
(Superconducting QUantum Interference Device), this will be highly beneficial 
for small integrated devices operating at room temperature. This way, one of 

the fundamental limitations of MEG is overcome, i.e. the noise induced by the 
pickup coils that need to be cryogenically cooled [18]. Hence the method opens 

up possibilities to brain analysis in outside-the-lab environment. 

NV centres can also be employed in imaging of spin textures in ferromagnetic 

structures, such as magnetic read/ write heads in magnetic hard drives [19]. This 

could be done by fabricating a NV centre in scanning probe tips, such as a 
diamond AFM tip and providing a spatial resolution of ~ 20 nm, while retaining 

also the non-invasive and quantitative sensing. In this way, the calibration and 

characterization of the magnetic head performances, which resolution is highly 
challenging to reach for other techniques, could benefit from NV magnetometry. 
[5] The same can be expected for defectoscopy in general. Every conductive 

material can produce a magnetic field when current is passed through it. NV 

magnetometry could be used to precisely characterize this, in general, ultra-low 
magnetic and electric fields. An example here would be the system certification, 
technical inspection etc. Also, interesting applications could be monitoring of 

pipelines [20]. Pipelines are essential transportation resources for an efficient 

functioning of modern society. However, often, their aggressive environment 
makes such measurements complex. The needs for modernization of existing 
pipelines and building of new pipelines pose several problems to be solved. 
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Recently, much attention has been paid to find effective non-contact method 

solutions of these problems. The magnetometry technique is one of such 
methods. At the moment the high-precision absolute quantum Overhauser 
“POS” (proton Overhauser sensor) magnetometers are used in the oil-and-gas 
fields. There is a potential to perform such measurements using NV 

magnetometers, as they share the characteristic of non-invasiveness. [21], [22]  

Magnetometer technologies such as fluxgate, proton-precession, and optically 
pumped magnetometers have proved their viability with the many space 
missions they have flown in. However, these space missions have also shown 

the limitations of these technologies, for instance fluxgate magnetometers have 
shown to be prone to drifting scale factors and voltage offsets, requiring periodic 
recalibration [23], [24]. On the other hand, proton-precession magnetometers and 

optically-pumped magnetometers have shown to exhibit excellent sensitivity 

(e.g., 10–50 pT RMS), absolute accuracy (0.1–1.0 nT), and a dynamic range  
(1–100 µT), but also require high power sources (>10 W), take in large volumes 

(>100 cm3) and have a considerable mass (>1 kg). [23], [24] 

Consequently, these instruments are no longer suitable to be used in many 

emerging aerospace applications, particularly in the popular smaller platforms 
and probes such as CubeSats and NanoSats. Magnetometer size, weight and 
power must be reduced, while preserving or even enhancing performance to 
increase the usability in the aforementioned small platforms. As many of the 
magnetometers summed up so far are close to their applicability limits, new 
types of magnetometers will take their place. Particularly, NV-diamond based 

quantum magnetometers are promising candidates [23]. 

Apart from sensing applications, NV centres have risen interests for application 
in quantum computing [8]. NV centres are one of the few quantum systems 

which can operate at room temperature, which could one day be the key to the 

commercialization of quantum computing. [1] 

1.3. Space benefits in using NV magnetometry  

As mentioned in the previous section, since 1990s the nitrogen-vacancy centre 
in diamond are gaining interest as a platform for quantum sensing and quantum 
computing experiments. [25] Our interest in the quantum sensing application is 

to build a diamond-based magnetometer. Its working principle relies on the NV 

centre, a colour centre occurring in diamond which can be employed as a non-
invasive magnetic probe with high sensitivity [2]. In the previous section, it was 

also mentioned that navigation techniques could benefit from an increased 
accuracy in the Earth’s magnetic field map. The same is true for the navigation 

of satellites. Employing NV based magnetometers in the space industry could 
lead to various benefits discussed briefly here. The possibility of filtering out 
spurious magnetic fields in space vehicles based upon the NV centres wide 
dynamic range, their vector characteristics, the operation speed, and its 
combination with pulsed protocols could potentially enable a more precise 
magnetic field measurement from inside a spacecraft and thus eliminate the 

need for long booms. The robust diamond material is able to withstand harsh 

space environments and the NV centres, as the sensing element, are functional 
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in a wide temperature range. The wide linear dynamic range (0.9 fT – 1 T) [2] 

makes it possible to measure magnetic field contributions of various amplitudes. 

The fast response time of the sensor to changes in the magnetic field is based 
on the possible high frequency Rabi oscillations and spin polarization cycle 
lengths (∼200 ns for the NV centre) [5] and renders measuring fast fluctuating 

signals, whereas the long duration measurement provides averaging of 

fluctuating fields. It is thus possible to measure both on long and short spatial 
and temporal scales, at the same time. In addition, NV magnetometry is 
inherently vectoral, compared to currently used three-axis fluxgate 
magnetometers. For these sensors, the 3D accuracy depends on the 
orthogonality of the three scalar magnetometers. The sensors are typically 
mounted on a boom outside of the spacecraft, which causes the orthogonality to 
change or drift in time because of the harsh space environment. NV 

magnetometers on the other hand are based on diamond, in which an over 
complete basis of NV centre orientations is naturally present.  

Advances in NV magnetometer construction, presented in this work, can lead 
towards both a decrease in mass and improvements of sensitivity of portable, 
fully integrated devices. Those are compelling properties which have been 
proved hard to reach at the same time in a single small size instrument. This 
combination is what makes the sensor so interesting for space magnetometry, 

which requires state-of-the-art equipment to withstand the difficult environment, 
yet deliver scientifically valuable information. This PhD study is aimed at 
unlocking the potential of NV spin state detection using PDMR to become the 
new standard for space magnetometry. During the Orbit Your Thesis! 

programme, we use the NV magnetic sensing technique, not only to map the 
magnetic field of the Earth, yet also to distinguish between its various sources, 

both internal and external. This can render separating the spatial and temporal 
scales of the different magnetic field contributions. As a specific contribution to 
this field, space weather will be monitored by our sensors onboard the ISS. This 
study could help in understanding of minute magnetic field sources and could aid 
in future for mitigating their negative effects on, for example, energy grid or 

communication networks [26]. 

The first space-located magnetic field research was already performed in 1958 
by the Russian Sputnik 3 satellite. This is an example of a Low Earth Orbit (LEO) 
satellite [24] launched already more than 60 years ago. It featured a three-axis 
fluxgate magnetometer with the aim of performing vector magnetic field 

measurements. This spacecraft was not fully spin-stabilized, since there were no 

stabilization systems, and it did not have a proper attitude reference. This made 
the first vector measurements of the earth’s magnetic field rather unusable, and 
the full fluxgate sensor potential could not be fully utilized. The instrument 
measurement range was 15 – 60 µT with design resolution between 7-30 nT, 
however it was suffering from various technical issues, such as voltage source 
causing signal oscillations up to 50-100 mV (whereas instrument sensitivity was 
10 µV/nT) [24]–[26]. Since then, there has been a major progress in this 

subject. However, since the reliability of the fluxgate vector measurements 
depends on the orthogonality of the three scalar magnetometers, NV 
magnetometers (which are inherently vectoral and can withstand rough 
environments easily) have an advantage compared to fluxgate magnetometers 

in the harsh space environment adding a benefit of miniaturization. 
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Figure 2 Various sources contributing to the near-Earth magnetic field [27] 

To summarize, space magnetometry is a very highly demanding branch of 
science. It requires state-of-the-art equipment that pushes the boundaries by 
considering requirements imposed by many, sometimes conflicting, factors such 
as a wide dynamic range, sampling rate, radiation hardness, thermal stability, 

and most importantly a high sensitivity. These requirements stem from the fact 
that measuring the magnetic field in near-Earth environment space is a difficult 
task. The field itself is a superposition of fields produced by many different 

sources, overlapping temporally and spatially. These contributing sources of 
magnetic field are illustrated in Figure 2 and it can be seen that the total 
magnetic field is then composed of a few distinct magnetic field components 
characterized on smaller spatial and temporal scales, for example by the field 

induced by magnetized rocks in the lithosphere. Another contributor is the weak 
magnetic field created by oceanic tides. However, there is also a large group of 
other contributions to the net magnetic field starting 100 km above Earth’s 
surface, such as fields induced by electrical currents in the ionosphere and 
magnetosphere. Moreover, satellites are moving objects. This results in space-
time-aliasing that needs to be disentangled, reducing the sensitivity of the 

measurements [27]. During years of space exploration, there has been a 

constant improvement in quality of the magnetic measurements in space. [28] 

NV diamond-based magnetometry has potential to satisfy the previously named 
criteria as it is characterized by a low noise level [9], [27], [29]. The aim of this 

work is to prove that this sensor can also potentially acquire data about the 
magnetic field on small timescales and for longer periods of time without drift or 

need for recalibration.  
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2. Chapter 2 - Concept and methodology 

2.1. Nitrogen-vacancy centres  

Magnetometry principles described within this work are based on nitrogen-
vacancy (NV) centres inside the diamond. Diamond crystal lattice is formed by 
carbon-carbon atomic bonds in a face-centred cubic (tetrahedral) structure. The 
forming of NV centres in diamond can occur either during its growth (both 
natural or artificial) or after high energy particle irradiation of nitrogen-
containing diamond, when two carbon atoms are replaced by a nitrogen atom 
and an adjacent vacancy. Nitrogen can be also implanted to the diamond lattice. 

The density of NV centres can be tuned to match desired sample properties. It 

can vary from single NV centres to NV centres ensembles with a density of up to 
approximately 50 ppm. The high NV density gives purple to dark reddish colour 
to otherwise colourless diamond (see Figure 3 where different defects can give 
the sample different colour properties in ambient lighting).  

The NV centres in the diamond are randomly aligned along one of the four 

possible NV directions. However, under specific conditions [9] the diamonds can 

be grown with a preferential <111> orientation matching one of the NV centres 
axis. However, a drawback of the preferential orientation obtained by CVD 
growth is that this material is not optimal for implementation of vector 
magnetometry. 

The NV colour centres act in some way comparably as atoms in a free space 
with properties like long-lived spin quantum states or well-defined optical 
transitions. Although they are contained in the solid-state lattice which relates 

them with diamond solid state properties [30]. NV centre structure is shown  

in Figure 3. 

  

Figure 3 (left) Diamond structure with NV centre [31] (right) Photo of different 

types of diamond samples containing various density of NV centres, transparent 
are of very low NV density in which single NVs can be found, purple sample 

contains ~ 10 ppm of NV centres, and yellow contains substitutional nitrogen  
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NV centres can be found in different charge states, namely positive, neutral, and 

negatively charged state. [5] For NV0 (neutral) charge state, the nitrogen atom 

electrons couple with the vacancy electrons. Two electrons are given by N and 
three electrons are given by vacancies. Therefore, the formed centre has neutral 
charge and is called NV0 centre. The NV0 centre can gain an additional electron, 
forming a NV- state and responsible for the paramagnetic behaviour. 

The additional electron can be supplied by other impurities in the diamond 
structure i.e., substitutional nitrogen, leading to negative charging of the 
complex, resulting in NV- centres. Because of the NV- centre is responsible for 

majority of the behaviours described in this work, it will be used without the sign 
and referred to as NV centre further on. The NV- centre has six electrons which 
occupy molecular orbitals where their combined spin is fixed at 0 or ±1. These 

NV states can occur as a spin singlet and spin triplet states. The different triplet 
combinations are shown in Figure 4. The triplet ground state and an optically 
excited triplet state are noted 3A2 and 3E respectively. A schematic overview of 
possible spin transitions is further given in Figure 5 and 6. Energy levels in the 

spin triplet states are shown with the corresponding ms value. 

The energetic splitting between the |0> and the |1> states is called the zero-
field splitting (ZFS), fixed at approximately 2.87 GHz at room temperature for 
the ground state (GS) and approximately 1.42 GHz for the excited state (ES). 
[32] When no external magnetic field is applied, the |+1> and |-1> energy levels 

are equal.  

 

Figure 4 Molecular orbitals of the spin triplet states. Schematic diagram of the 
defect states in the gap and their occupation in the ground (3A2) and excited (3E) 

states. [33] 

The photoluminescence (PL) of the NV centre is substantially higher when the 
|0> state is populated, which enables the optical spin state detection called the 
Optical Detection of Magnetic Resonance (ODMR) which can be used for 

magnetic field sensing and will be further discussed in the next section. 
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2.2. Optical detection of magnetic resonance 

(ODMR) 

The ODMR detection method relies on the principles already discussed in section 
2.1 and occurs when the resonance frequency of 2.87 GHz is applied, promoting 
spin flips from |0> to |±1> of the ground spin triplet state. In absence of the 

magnetic field, one can infer the value of zero-field-splitting with this method. In 
the presence of an external magnetic field, the |±1> level splits by the Zeeman 
splitting. In presence of a non-zero external magnetic field, the Zeeman effect 
has to be taken into account in the spin dynamics. This effect lifts the ms-
degeneracy of the |±1> energy sublevels and splits them into ms = +1 and ms 
= -1 sublevels. When the sublevels are split, the applied microwave field can 

cause two transitions, one from |0> to |-1> and one from |0> to |+1>. These 

two transitions will manifest themselves at two different resonance frequencies 
in the measured ODMR spectrum, symmetrically located on either side of the 
original ZFS. The abovementioned transition between energy levels can be seen 
in Figure 5. 

 

Figure 5 a) The diagram shows the energy levels and possible transitions of the 
NV centre together with the magnetic spin states and its relation to the external 

magnetic field. When electron of the NV centre is excited while resonant 

microwave frequency is applied it has non-zero probability to decay through the 

non-luminescent metastable states which can be detected as decreased intensity 
of red luminescence in ODMR spectrum. [5] b) Optically detected electron spin 

resonance (ESR) spectra for a single NV centre applying external magnetic fields 

of different magnitudes. [5] 

 

 

 

 

a) b) 



 

12 

As the Zeeman splitting is caused by the external magnetic field, it can reveal 

information about this field. The intensity of the magnetic field determines two 
working regimes of sensing to be distinguished: the weak field regime (< 100 
mT) and strong field regime (> 100 mT). For field intensity less than 100 mT 
[10], the transversal component of the magnetic field is negligible and the 

frequency change ν± in respect to magnetic field variation is approximately 
linear as can be seen in equation below. 

ν± = D ± gµBBNV/h    (1)[5] 

, where D is the axial zero field splitting parameter, h Planck’s constant, g the g-
factor of the electronic spin, µB the Bohr magneton and BNV the magnetic field 
projection along the NV axis.  

In Figure 5b is shown the linear dependency of the splitting on a externally 
applied magnetic field and demonstrates the use of the NV centres for 

magnetometry. The intensity of externally applied magnetic field can be 
calculated from the splitting ν± by using the equation (1) above. In the region of 
50 – 100 mT, the |0> and to |-1> level can cross. At 50 mT this crossing occurs 
for the excited state spin sublevel, called ESLAC (excited state level 
anticrossing) and at 100 mT at the ground state GSLAC (the ground state level 
anticrossing). At this fields, the |0> and to |-1> spin state mix. When further 
increasing the field, the complex will eventually enter the strong field regime. 

The electron spin resonance (ESR) frequencies will become strongly correlated 
to the orientation of the magnetic field as the NV defect axis no longer 

accurately represents the direction of the quantization axis. This behaviour 
occurs at high magnetic fields above ~ 1T applied transversally. [2]  
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2.3. Photoelectric detection of magnetic 

resonance (PDMR) 

The PDMR principle relies on the photo-electric charge dynamics of the NV 
centre under green laser light excitation. In Figure 6 is shown that there can be 
another path of the excited electron comparatively to the ODMR. By two step 

photoionization it is possible for NV centre electron to be further promoted into 
the conduction band (CB). Upon its excitation to the conduction band of the 
diamond, it can freely travel under an applied bias electrical field and be 
detected in form of photocurrent. 

When the electron is promoted to the CB it changes the charge state of the NV- 

centre to the neutral NV0 state. However, the photoionization of the electron 
from the valence band (VB) to the ground state of the NV0 centre provides a 

possibility of recovering the negatively charged state. This is only possible if the 
photon excitation energy is larger than ~2.2 eV. [34] The full photoionization 

cycle thus produces in total two charge carriers (one electron and one hole): an 
electron by photoionization from NV- and a hole by photoionization from VB to 

NV0. Due to the charge circulation described above, the PDMR method is 
sustainable. The technique described could be also applied to certain other 
defects in diamond as well. 

 

Figure 6 The simplified diagram of the energy levels and possible transitions of 
the NV centre electron to conduction band (CB) and its back conversion form 

NV0 to NV- by obtaining electron from valence band (VB)[3] 

 



 

14 

The PDMR spectrum is analogical to the ODMR, and both methods can be utilized 

at the same time. The working principle of PDMR is very similar to ODMR. A 
microwave magnetic field at the resonance frequency applied to the NV center 
will induce the spin sub-level transition at the ground state energy, thus the 

electron is promoted from ms = 0 into the ms = 1 spin state. Followed by 
photoexcitation, the decay via the metastable singlet state with a probability of 
~ 30% occurs leading to the reduction of photocurrent. The electron confined in 

the metastable state in this way is prevented from the two-step photoionization 
process, resulting in decrease of photocurrent intensity, analogous to the 
decreased level in photoluminescence in ODMR. In case that the electron is in 
the state ms = 0, it can be either further photoionized or decay radiatively to the 
triplet ground state. Identically to the ODMR, when external magnetic field is 
applied, the resonances detected by the photocurrent readout method appear at 

two different frequencies in the spectrum due to the Zeeman splitting effect. The 
difference of those two resonances is proportional to the magnetic field applied. 

 

Figure 7 Simplified scheme of the PDMR readout setup [3] 

Despite the similarity in principle of the ODMR and PDMR method, the signal 
collection rate differs. Unlike the ODMR, the PDMR charge-carrier detection rate 

does not saturate with the high laser power intensity.[35] Based on the 
assumption that the sensitivity of the magnetometer is inversely proportional to 
the root mean square of the detection rate, the PDMR measurements can 

theoretically be more sensitive than ODMR measurements. [3], [36]. This is 

further described in section 2.6 by equation (3). Another difference of both 
methods can be seen in Figure 7 where the excitation light is focused in between 
the electrodes fabricated on top of the diamond sample surface, while 
generating photocurrent signal, which is collected is via the electrodes. This way 
the diamond act as both sensor and a detector leading to the possibility of 

miniaturization of the entire system by removing the optical detection path. 
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2.4. Magnetic field vector measurements 

Measuring of the vectorial behaviour of an ambient magnetic field as well as its 

magnitude are often of relevance in numerous applications. In construction of 
most of the classical detectors, three scalar magnetometers are orthogonally 
fixed to one another in order to perform vectoral measurements.[28] The 

precision of the manufacturing process and its calibration determines the 

accuracy of this procedure. In some instances, this alignment or calibration can 
vary over time. On the other hand, NV centres due to their placement in 
diamond crystalline lattice, offer the possibility to measure projection of ambient 

magnetic field aligned along four different NV centre axes. [30] These four 

directions then constitute a complete basis, with respect of which external 

magnetic field can be defined, which enables the use of NV based devices as 
vector magnetometers.  

As already discussed in section 2.1., by implementing the ODMR or PDMR 
method, it is possible to address the NV centres and determine the projection of 

an external magnetic field onto is axes. [2], [5], [30] By using NV centre ensemble 

diamond sample when external bias magnetic field is applied, the resulting 
example spectrum and its corresponding NV axes are shown in Figure 8. As can 
be seen, the detected resonances are symmetrically centred around 2.87 GHz 
(ZFS) frequency. Due to their allocation to the stable diamond crystalline lattice, 

the measured B1-4 can be then precisely transformed into Bx,y,z frame of 
reference of the sensor itself and utilized in the appropriate applications (i.e. 
characterization of Earth’s magnetic field or navigation). 

 

Figure 8 (left) Simplified model representation of four different NV centres 
alignment in diamond crystalline structure, with colours corresponding to the 

(right) ESR spectrum with eight resonance frequencies used to determine 
magnetic field B1-4. 
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2.5. Pulsed quantum measurements 

In addition to the Continuous Wave (CW) measurements described in sections 

2.3 - 2.4, where the illumination of the NV centre with green laser light is 
continuous, with a simultaneous MW frequency sweep there are several pulsed 
measurement protocols to allow for ESR detection. The pulsed measurements 
are more sensitive than the conventional CW measurement technique. Not only 
they can lead to sensitivity improvements, but they can also be used to filter out 
unwanted DC or AC signals.  

There is a variety of possible pulse sequences, ranging from rather simple ones 
to complex series of microwave and laser pulses. We will describe two basic 

ones: the Ramsey and Hahn echo pulse schemes. The CW method is easier to 
implement compared to pulsed measurement schemes. However, the use of 
pulsed measurements brings some extra benefits, for example frequency 
locking, better sensitivity, and noise decoupling. Therefore, we envision both 
methods being used in a complementary way.  

In the following explanations the concept of the Bloch sphere [37] will be 

introduced. This is a schematic representation of the electronic spin state vector. 
This representation makes it easier to visualize the effects of the individual MW 
pulses. To better understand the following chapters, the terms T1, T2, and T2

* 

relaxation times must be defined. The parameter T1 describes how fast the spins 
are relaxing back from a polarised state into their equilibrium state. Coherence 
time T2 is describing how long it will take the spins to decay from the 

superposition state to their equilibrium state (transversal spin relaxation). The 
T2

*, dephasing time describes the rapid phase decoherence induced for example 
by the inhomogeneous magnetic field. Aforementioned times describe how long 
the spin is addressable before decaying or dephasing.  
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2.5.1. Ramsey sequence  

The Ramsey sequence is shown in Figure 9 and 10. It consists of an initializing 

green laser pulse, followed by two 𝜋/2 pulses, separated by a free spin 

precession time 𝜏 (π/2 pulse means a spin rotation by π/2, i.e. creation of a 

superposition state). Another green readout pulse, during which the red 
fluorescence signal is measured, gives information about the acquired phase. 
The Ramsey measurements can be therefore used for spin magnetometry. In 
particular, when a magnetic field is applied the electron spin acquired phase is 
linearly proportional to the magnetic field. This technique can be used for DC B-

field measurements. The optimal sensitivity is acquired when the free precession 

time is close to the dephasing time 𝑇2
∗. [5] 

 

Figure 9 Ramsey sequence [9] 

Aside from providing us with a higher sensitivity, employing a Ramsey pulse 
scheme also has the benefit of being largely insensitive to AC magnetic fields. 
This Ramsey sequence can be used to characterize steady magnetic fields and 

detailed description of the pulse scheme is illustrated on the left side of Figure 
10. The positive and negative contributions of these AC fields approximately 
cancel each other out.  

On the right side of this figure, there is a representation of the spin state vector 
on the Bloch sphere. The colours of the arrows on the Bloch spheres relate to 
the different stages of the pulse sequences with the same colour scheme.  

The sequence starts by shining a green laser light on the centres. This will 

polarize the spin into the ground energy level with spin-state ms = 0. A first 
𝜋

2
 

pulse rotation over the x-axis will bring the electrons in a superposition of the 
|0 > and |1 > states i.e. tilting by 90 degrees. This is indicated by the dark green 

arrow. The red arrow indicates the precession for defined time. In presence of 
the B-field the spin will acquire the phase proportional to the B-field. Then 
another 𝜋/2 pulse is applied, which flips the electron spin state vector again by 

90 degrees (light blue arrow). The readout is done with green laser light pulse. 
This measures the component of the electronic spin state along the z-axis after 

the time . From the acquired phase the magnetic field can be calculated, as 
already stated. 
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𝜂𝑅𝑎𝑚𝑠𝑒𝑦 ∼
ℏ

𝑔𝜇𝐵
∙

1

𝐶√ℒ0𝑡𝐿𝑅
∙

1

√𝑇2
∗ ,    (2)[5] 

, where ℏ is the reduced Planck constant, g is NV gyromagnetic ratio, μB is the 

Bohr magneton, C is the ESR contrast, ν is the measured FWHM, and ℒ0 is the 

NV defect PL rate and tL is the readout laser pulse duration. 

 

Figure 10 Ramsey pulse scheme (left) and Bloch sphere (right) scenario, where 
the system is initialized to a lower state (light green). A π/2-pulse creates a 

superposition state (dark green), and after a delay τ (red) a second π/2-pulse 
(light blue) is applied and the vector projection to the upper state (dark blue) is 

measured. The Bloch sphere in the inset shows the state of the Bloch vector at 
selected times, which are marked in the same colour in scheme on the left. The 

state of the vector can be mathematically written as 

|ψ>=cos(θ/2)|0>+exp(iϕ)sin(θ/2)|1>. [37] 

  

ϕ 

θ 

|0> 

|1> 

|Ψ> 
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2.5.2. Hahn echo sequence 

Compared to the Ramsey sequence, Hahn echo features an extra 𝜋 pulse 

halfway through the free precession time. This enables to compensate 
interactions with inhomogeneous magnetic field and allows to measure 
unperturbed coherence time T2. The Hahn sequence is illustrated on the left side 
of Figure 11. By the extra 𝜋 pulse in the middle of the sequence the spin is 

flipped by 180 degrees (the brown arrow). Then it will continue to preces around 
the z axis, but in the opposite direction (blue arrow). Therefore, the phase 
accumulated during the first 𝜏/2 precession is cancelled out in the second 𝜏/2. 

[7]. The Hahn sequence enables the readout of AC magnetic fields. 

 

Figure 11 Hahn echo pulse scheme(left) and Bloch sphere (right). In this 
scenario the system is adiabatically tuned from the initialization to the lower 

state (light green). A π/2-pulse creates a superposition state (dark green), and 
after a delay of τ /2 (red) a π-pulse mirrors the state vector (brown) to the other 
half of the Bloch sphere. After another delay of τ /2 (light blue), a 3π/2-pulse is 

used to rotate to the upper state (dark blue). The Bloch sphere in the inset 
shows the state of the Bloch vector at selected times, which are marked in the 

same colour in a scheme on the left [37] 
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2.6. Sensitivity of continuous wave magnetic field 

measurements 

The detected resonance has a Lorentzian function profile (see Figure 12b) from 
which theoretical sensitivity can be calculated. 

𝜂 =
4ℎ

3√3𝑔𝜇𝐵
∙

𝜈

𝑐√𝑅
      (3)[9] 

, where h is the Planck constant, g is NV gyromagnetic ratio, μB is the Bohr 
magneton, c is the experimental spin contrast, ν is the measured FWHM, and R 
is the detection rate (photons per second for ODMR, or electrons per second for 
PDMR). The formula indicates the smallest detectable magnetic field limited by 

so called shot noise [9] and allows to model the optimal parameters and predict 

the sensitivity of the system. 

 

Figure 12 a) Example of optically detected electron spin resonance (ESR) of a 
single NV centre with applied bias magnetic field BNV. [33] b) Single peak 

described by Lorentzian function with key parameters to determine magnetic 

field sensitivity: R – photon count per second, FWHM (Δv) – full width half 
maximum of the resonance, c – contrast.  

This is especially useful for example during sample characterization and 

selection of optimally performing samples for magnetometry. These 

characteristics are shared by most of spin-based magnetometers. PDMR 
provides some advantages in this case, since shot noise is reduced by the 
increased electron detection rate compared to PL photon detection due to limited 
collection efficiency of the later one and saturation under high light excitation 

power. [9] 

The theoretical magnetic field sensitivity is given by the fundamental spin 
projection error which can be approached by repetitive pulsed spin projection 

measurements [5]. 

a) b) 
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2.7. Microwave-free NV magnetometry with 

ground state level anti-crossing (GSLAC)  

In this section a methodology is described for alternative NV magnetometry 

approach without needing using microwaves to induce the spin transitions [38]. 

The ground state level anticrossing (GSLAC) in NV centres can be utilized for 
microwave-free measurements of the vector magnetic field.  

 

Figure 13 (a) Schematic of the experimental setup which we built up in this 
work. The key parts are the green laser for excitation of the NV centres, 

electromagnet driving the GSLAC, and detection part. (b) The 
photoluminescence spectrum containing GSLAC at B0 = ~ 102.4 mT (c) The 

diagram of energy levels combination for the electron spin state ms (0,-1, +1) 
and the 14N-nuclear spin state mI (0,-1, +1) (indicated accordingly |ms ,mI). 

[14],[30], [37] 

Figure 13a schematically describes our experimental setup for microwave-free 

magnetometry based on GSLAC in diamond, further detailed in Chapter 6. The 
typical operation principle of this technique is that green light excites the NV 
centres in diamond and the red-light emission is detected by the photodetector. 
The sweeping magnetic field is applied by the electromagnet aligned with one of 
the NV orientations. When B0 = ~ 102.4 mT (Figure 13b) magnetic field is 
applied to the diamond, it causes the anticrossing spin mixing of spin ms = -1 
and ms = 0 (as shown in Figure 13c), resulting in a decrease in measured red 

light intensity. When additional external magnetic field is applied it will perturb 
the anti-crossing conditions, causing a shift of the GSLAC position in the 
spectrum, which is proportional to the additional external magnetic field. [38]–

[41]. Simultaneously with mixing the electron spins, the nuclear spins (such as 

N) can be polarised [37] leading to additional dips in the resonance spectra. 
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2.8. Diamond and NV centres fabrication 

As the diamond fabrication process can influence the behaviour of the resulting 

system it is important to understand its underlying basics. But in the same time 
the author was not engaged in the diamond growth or the NV fabrication 
processes, therefore the production methods are described only briefly.  

Two methods of diamond sample synthesis relevant to the scope of this work 
are the HPHT (high pressure high temperature) synthesis and CVD (chemical 
vapour deposition) synthesis of single crystal diamond. Samples created this 

way can vary by purity. The HPHT method is mimicking the natural formation of 
diamonds in Earth’s mantle under high pressure and high temperature. The first 

synthetic diamond was successfully grown in 1953 by HPHT method [42].  

On the other hand, the CVD made samples are grown inside a reactor at low 

pressures in microwave-induced CH4 plasma with addition of hydrogen. The CH4 
is a source of carbon for the growth of diamond. An advantage of the CVD 
method is the possibility to tune the N-impurity level by N-doping from very 

pure diamond to nitrogen rich diamond needed for the NV centre formation [43]. 

Interesting is also a combination of HPHT or CVD substrate and CVD growth by 

epitaxy [43]. 

2.8.1. NV centres fabrication 

The NV centres can be fabricated in diamond samples for example by means of 

Ion Implantation [44] or electron or proton Irradiation of N-doped samples [45], 

followed by an annealing process [46].  

During the Ion Implantation the nitrogen (N+) ions are implanted with a depth 
resolution depending on the implantation energy (keV to several MeV) and 

ranging from nm to several µm [47], [48]. The implantation can be carried out 

through a mask, limiting the implantation to area of interest. [49]  

Another way of NV centres fabrication is electron or proton irradiation. For 
electron irradiation the sample is exposed to electron beam of energy in order of 
> 250 keV [50], which leads to formation of vacancies inside the diamond lattice. 

To use this method, the sample needs to already contain substitutional nitrogen 
to convert them to the NV centres after the annealing. Alternative is a proton 

irradiation with energy of several MeV [50]. 

Annealing is an important step, required after all of the abovementioned 
methods to stimulate formation of NV centres. At high temperature (> 650°C) in 

vacuum the vacancies start migrating towards the substitutional nitrogen. This 
results in formation of NV centres in diamond with high NV- to NV0 ratio (7:3) 

[46]. The optimal annealing temperature is 900 – 1200 oC.  
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2.9. Lithography processing 

Lithography is a process of patterning an image or features to a photoresist after 

which the pattern is metalized or etched. The following sections describe the 
basics of the photolithography processing steps in detail, whereas Figure 14 
shows the chronology of the individual steps. 

 

Figure 14 Chronological arrangement of the optical lithography general 
processing steps from photoresist spin coating up to the liftoff (with and without 

image reversal step) 

2.9.1. Photoresist 

Both optical and electron beam photoresists can be found in two types (tones): 
Positive and Negative. A positive resist is a type of photoresist in which the 
portion of the photoresist that is exposed to UV light becomes soluble by the 
photoresist developer. While a negative resist is a type of photoresist in which 
the portion of the photoresist that is exposed to light becomes insoluble in the 
photoresist developer.  

A special kind is a photoresist with image reversal. This type is used within this 
work during the optical process, as it brings the possibility to use both negative 
and positive mask designs. The key working principle in case of the image 
reversal resist is heat treatment (also known as image reversal bake) which 
causes a flip of the image by turning positive image into negative. The selection 
of this approach was chosen for historical reasons as the first available masks 
were negative and the universality of this process, as both the positive and 

negative masks can be used interchangeably, while the process remains the 

same. [51] 
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2.9.2. Spin coating 

To obtain uniform coating of the sample surface the method of spin coating is 

used. It involves placement of the substrate to the chuck rotating with desired 
speed ω (RPM) for defined duration of time t and applying a volume of 
photoresist on top of the sample (photoresist initial thickness h0) to achieve 
desired thickness h of photoresist coating. The additional parameters are 
photoresist density ρ and photoresist viscosity µ. The resulting thickness can be 
calculated based on the equation below.  

ℎ =  
ℎ0

√1+ 
4𝜌

𝜋
30𝜔ℎ0

2𝑡

3𝜇

     (4)[52] 

The thickness calculation mainly depends on the speed and time, and for specific 
photoresist can be typically found in the technical datasheet. The fluid 
properties, viscosity and surface tension, the spin recipe, geometrical effects of 
the substrate, and the Bernoulli effects are the key parameters influencing the 
edge and corner effect (shown in Figure 15) during spin coating reducing the 

uniformity and quality of photoresist coverage. [52], [53] 

 

Figure 15 (left) side-view visualization of the photoresist edge bead effect at the 
edges of the substrate (right) top view of the photoresist buildup in the corners 

due to substrate geometry and Bernoulli effect [53] 

2.9.3. Soft baking 

Soft baking is a drying step to remove majority of the solvents from a 
photoresist coating and plays a very critical role. Not only it turns into a solid 
layer, but also the photoresist coating becomes photosensitive only after 
successful soft bake.  

Oversoft-baking will degrade the photosensitivity of resists by either reducing 
the developer solubility or destroying a portion of the sensitizer. Oversoft-baking 
on the diamond substrate can also lead to reduced resist adhesion causing 
issues in next steps. Undersoft-baking will result in semi-solid/semi-liquid 
consistency of photoresist preventing light from reaching the sensitizer and 
causing the small diamond sample to adhere to a mask leading to potential 

damage of the mask or loss of the substrate.  
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Positive resists are incompletely exposed if considerable solvent remains in the 

coating. This undersoft-baked positive resist is then readily attacked by the 
developer in both exposed and unexposed areas, causing less etching 

resistance. [54] 

2.9.4. Image-reversal bake 

During the image-reversal bake step, the substrate is heated after exposure to 

promote cross-linking of the photopolymers. Therefore, the exposed areas of the 
resist lose their ability to develop, while the unexposed areas remain 
photoactive. The optimal baking parameters depend on the resist and the 
desired profile of the resist can be found in the respective technical data sheet. 

The temperatures are typically above 110°C for duration of minutes. The image 
reversal reproducibility process is relatively sensitive on parameters such as 

temperature, or photoresist age. [54] 

2.9.5. Exposure 

As mentioned, the photoresist is a photopolymer that changes its solubility in 
the developer solution after being exposed to certain wavelengths according to 
its spectral sensitivity. Typically, the spectrum is in the UV range for optical 
lithography or an electron beam in case of e-beam lithography. The exposure is 
one of the key steps in the process allowing the image (or pattern) transfer to 
the substrate.  

In the framework of this thesis the main technique used was parallel light 
exposure of mask aligned with the sample using mask aligner tool. In this 
approach the parallel light passes through the transparent areas in the photo 
mask towards the photoresist film. The mask is typically made of quartz or glass 
as a carrier and patterns are manufactured on top out of chromium non-
transparent coating, which is forming the desired pattern. The mask is brought 

in contact with the substrate surface and thus this process produces image of 

1:1 dimensions on the exposed resist. [54] 

The exposure times depend on the wavelength, power, and photoresist 
thickness and initial values can be found or calculated based on the specific 

photoresist technical datasheet.  

2.9.1. Development 

After the exposure the photoresist can be developed. Most widely used 
photoresists use aqueous bases as developers. Tetramethyl ammonium 

hydroxide (TMAH) is an example of developer that can be used in this process. 
This step is one of the most critical steps in the lithography process. The 
characteristics of the resist-developer interactions determine to a large extent 
the shape of the photoresist profile and, more importantly, the linewidth control. 

 



 

26 

The method of applying developer to the photoresist is important in controlling 

the development uniformity and process latitude. The samples can be developed 
either individually or in a batch, by using a boat of multiple samples (or wafers) 
developed simultaneously in a large beaker. This is usually with some form of 
agitation. This agitation can be either using a magnetic stirrer or simply dipping 

motion of the boat within the developer.  

The time of the sample inside the developer is one of the critical parameters 
when underdeveloped portions will result in peeling off the deposited metal in 
next step during lift-off and the over-development will cause two things - 
widening of lines and the “rounding” of the top edges. The wider lines will result 
in unprecise dimensions of the desired pattern, whereas the “rounding” issues 

will lead towards worse lift-off, by increasing the conformity. [55] 

2.9.2. Metal deposition 

During the metal deposition step, the sample with a resist pattern is covered by 
a metallic thin film in order to form the electrodes. The material can be 
deposited by several methods, out of which interesting ones are sputtering or 
evaporation.  

The first option is the magnetron sputtering process, which requires the 
generation of energetic + ions (generally Argon) that are responsible for 

sputtering atoms from the target (cathode) in a presence of the magnetic field. 
The space between target and anode (substrate holder) on which the electric 

field is applied contains an electron cloud. Magnetic fields cause the electrons to 
spiral and collide with Ar atoms, which are then ionized. The Ar+ ions are 

accelerated, strike the target, and knock off target atoms or clusters. [56] 

The thermal evaporation is a well-known method for producing thin-film coating 
in which the source material evaporates in a vacuum after liquidizing it by high 
temperature heating. When the vacuum is sufficiently high, and the mean free 
path of atoms is consequently larger than the distance between the crucible and 
the target the vaporized metallic particles directly reach the substrate where 
these vapours are condensed to a solid state. In this method, an electron beam 

holding boat, or a resistive coil are used to accommodate the metal in the form 
of a powder or solid bar. In order to melt the metals, the resistive boat/coil is 

exposed to a large direct current (DC) or e-beams are used. [57] 
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2.9.3. Lift-off 

After the sample has been processed (all the steps covered in sections above) 

the remaining photoresist must be removed. There are two classes of resist lift-
off techniques: wet stripping using organic or inorganic solutions, and dry 
(plasma) stripping. A simple example of an organic lift-off agent is acetone. 
Although commonly used in laboratory environments, acetone tends to leave 
residues on the wafer (scumming) and is thus sometimes unacceptable for 
semiconductor processing. Most commercial organic strippers are phenol-based 

and are somewhat better at avoiding scum formation. However, the most 
common wet strippers for positive photoresists are inorganic acid-based systems 
used at elevated temperatures. 

Wet stripping has several inherent problems. Although the proper choice of 
strippers for various applications can usually eliminate gross scumming, it is 
almost impossible to remove the final monolayer of photoresist from the wafer 
by wet chemical means. It is often necessary to follow a wet strip by a plasma 

descum to completely clean the wafer of resist residues. Also, photoresist which 
has undergone extensive hardening (e.g., deep-UV hardening) and been 
subjected to harsh processing conditions (e.g., high energy ion implantation) 
can be almost impossible to strip chemically. For these reasons, plasma 
stripping has become the standard in semiconductor processing. An oxygen 
plasma is highly reactive towards organic polymers but leaves most inorganic 

materials (such as those that are found under the photoresist) untouched. [58] 
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3. Chapter 3- Experimental setup and device 

fabrication 

This chapter is covering the lithography process essential for the device 
fabrication by means of optical lithography and electron beam lithography. It 
also covers the main parts of the experimental setup development for the PDMR 
magnetometry measurements and its software. 

3.1. Challenges of lithography process on small 

samples 

Due to the diamond fabrication process, the available samples dimensions are 
mostly smaller than 5 x 5 mm. This results in a troublesome handling of the 
samples in the cleanroom environment and also brings the main challenge of the 
uniform photoresist coverage on top of the diamond (shown in Figure 16) 
substrate, required by the fine structures and patterns reaching resolution of 

several µm. The major source of photoresist non-uniformity is the edge bead 
effect, described in section 2.9.2. Those effects are even more pronounced on 
the small samples where they dominate and prevent successful patterning 
process.  

 

Figure 16 Sample holder parameters (left) affecting the edge bead effect during 

spin-coating (right)  
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3.2. Sample holder fabrication by silicon wafer 

etching  

 

Figure 17 Fabrication process of diamond sample holder by silicon wafer deep 
reactive ion etching 

In Figure 17 is shown the fabrication process of diamond holding socket into the 
silicon wafer by reactive ion etching process. The processing parameters for the 
photoresist mask are shown in Table 1 below: 

Table 1 Processing parameters for negative photoresist AZ® nLof 2020 

Step name Parameter Time 

Dehydrate silicon wafer substrate 190°C 10 min 

Spincoat photoresist on wafer 1000 rpm 35 s 

Softbake of the wafer with resist 110°C 60 s 

Flood exposure of the resist with 
diamond as a shadow mask on top 

Flood exposure (MA6) 4 s 

Post-exposure resist baking 110°C 60 s 

Immersion in photoresist 
developer  

Fujifilm OPD5262 90 s 

Rinse in deionized water - - 

Post-bake for STS Reactive Ion 

Etching 

110°C 5 min 



 

31 

3.3. Automated process of 3D printed sample 

holder fabrication 

In section 3.2 we described process of sample holder fabrication in cleanroom 
environment by etching a socket into the silicon wafer. Despite this process was 
proven successful and produced reproducible lithography results, and enabled to 

accommodate irregular shapes of diamond samples, it had several drawbacks. 
The main disadvantage was long fabrication time of up to 10 hours. This 
combined with the inconsistent and variable etch rate, the socket depth was not 
always perfectly fitting. When the critical dimensions were outside the limits, the 
process needed to be restarted. The silicon wafers are also fragile and can 
release hazardous dust particles, during handling. 

Therefore, in Figure 18 a novel automated method utilizing SLA 3D printing 

approach of the sample holders is shown. This method, combined with the 
parametric generation of the holder 3d model, is based on a calibrated sample 
photo and sample thickness measurement. It significantly reduces the time 
needed to fabricate sample holder. This reduces overall time of the lithography 
process and amount of processing steps. Except for the time reduction, there is 
reduction in costs in materials and chemicals. Another advantage of this 

approach allows to design holders with constant thickness of material between 
the diamond and bottom part of the holder, and to apply custom correction 
factors in sample holder socket dimensions. Which in turn further improves the 
reproducibility of the method by controlling all the critical parameters. 
Additionally, it allows customization of the holders by e.g., adding a text or 

markers, which is useful especially when handling samples of similar 
dimensions. The 3d printed resin models are after washing and curing non-toxic. 

 
Figure 18 Simplified schematic for the 3D printed sample holder procedure  

Figure 19 contains code example used for automated generation of the sample 

holder 3d model in open source software OpenSCAD [59]. This code example is 

used for samples with square or rectangular dimensions.  
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1. id = "#256";  
2.   
3. sampleLength = 2.8;  
4. sampleWidth = 2.8;  
5. sampleHeight = 0.5;  
6.   
7. XYcorrf = 0.025;  
8. Zcorrf = 0.05;  
9.   
10. h = 0.0001;  
11. r = 3;  
12.   
13. x1 = 20-r*2;  
14. y1 = 20-r*2;  
15. z1 = 1.5-h;  
16.   
17. x2 = sampleLength+XYcorrf;  
18. y2 = sampleWidth+XYcorrf;  
19. z2 = sampleHeight+Zcorrf;  
20.   
21. r1 = 0.5;  
22. difference(){  
23.  minkowski(){  
24.   cube([x1,y1,z1], center = true);  
25.   cylinder(h, r, center=true);  
26.  }  
27.  translate([0,0,z2])  
28.  cube([x2, y2, z2], center = true);  
29.   
30.  translate([-0.4,y1/2.3, z1/2-0.5+h])  
31.  linear_extrude(0.5)  
32.  text(id,2.5,halign = "center", valign = "center");  
33.   
34.  translate([x2/2,0,z2])  
35.  cylinder(z2,r1,r1, center = true);  
36.    
37.  translate([-x2/2,0,z2])  
38.  cylinder(z2,r1,r1, center = true);  
39.    
40.  translate([0,y2/2,z2])  
41.  cylinder(z2,r1,r1, center = true);  
42.    
43.  translate([0,-y2/2,z2])  
44.  cylinder(z2,r1,r1, center = true); } 

Figure 19 Code snippet for the parametric sample holder 3D model generation in 

OpenSCAD  

Figure 20 shows sample holder generated by the aforementioned code snippet in 
OpenSCAD and the manufactured sample holder with diamond sample inserted 
into the socket. Figure 21 shows the dimensional accuracy of this method, where 

the sample is protruding from the socket by 6.7 µm and lateral dimensions are 
producing gap between sample and holder of ~150 µm.  
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Figure 20 (left) Sample holder generated in the OpenSCAD by the parametric 
generated code based on the sample dimensions (right) 3D printed sample 

holder with diamond sample (2.9 x 2.9 x 0.5 mm3) inserted in the well-fitting 

socket 

 

 

Figure 21 Profilometry measurement of the sample (#369) inserted inside the 
socket, shows the height difference between holder (R - red) and sample (M – 

green) is 6.7 µm and lateral gap is approximately 150 µm 
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3.4. Optical lithography process 

This section covers the optical lithography process and the mask design used 

within this work. The optical lithography photoresist used in this work is AZ 
5214E (Microchemicals) in both EU and JP versions, the recipe for both is 
identical.  

3.4.1. Optical mask design 

 

Figure 22 Design of two electrode patterns used for successful PDMR 
measurements (left) interdigitated electrodes of 5µm gap with patterned 

antenna (right) linear electrodes array ranging from 3µm to 50µm 

The lithography mask is essential for transferring the desired pattern to the 
sample. In course of this work two main designs (ID001 and LA001) have been 
develop and are discussed in Figure 22. The ID001 is an interdigitated electrode 
design, with gap of 5 µm. In between of two electrode pairs a microwave 

antenna is placed which is used to transmit the microwave field on the sample 
necessary for ODMR and PDMR measurements. This pattern allows to deposit 
array of 16x ID001 electrode pairs on the 3 x 3 mm sample surface and is used 
mainly to cover larger areas of the sample, enabling to study different regions of 

the sample determined by laser excitation spot or collect photocurrent from 
larger area when using defocused light or larger laser spot diameter. The second 

most used pattern is LA001, which is an array of linear electrodes with variable 
gap from 3 µm to 50 µm. The microwave antenna in this pattern is placed 
perpendicular to the electrodes. Those electrodes are typically used for bulk 
(i.e., homogenous) samples. 

The overview of the mask is shown in Figure 23 and it contains several different 
pattern types and their variations. The mask is divided into four repeating 
quadrants. Two blue quadrants are designed to be used with positive photoresist 

and two red quadrants are designed to be used with negative photoresist. This 
design feature is improving the mask longevity as well as its versatility. 
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Figure 23 Mask layout containing various designs optimized for 3 x 3 mm 

samples arranged in four quadrants, two for positive resist (blue) and two for 

negative resist (red). 

3.4.2. Optical lithography methodology 

Table 2 chronologically describes the processing parameters for spin coating of 
photoresist AZ® 5214E. This photoresist can be used in both positive mode and 
in negative mode by use of image reversal methodology (image reversal steps 
are marked red in the table below).  

Table 2 Processing parameters for photoresist AZ® 5214E with image reversal 
(IR STEP) 

Step name Parameter Time 

Spin coat photoresist on a sample 
holder with embedded diamond 

5000 rpm 30 s 

Softbake of the holder with resist 90°C 60 s 

Exposure with aligned mask  Soft contact (MA6)  3 s 

Post-exposure resist baking  
(IR STEP) 

120°C 30 s 

Flood exposure with blank glass 
(IR STEP) 

Flood exposure (MA6) 5 s 

Immersion in photoresist 
developer  

AZ® 351B : H2O (1 : 4 
ratio) 

Max 60 s 

Rinse in deionized water - - 
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After the photoresist spin coating and pattern development on the sample, the 

next step is metal deposition by sputtering. The recipe used is: 

• 30s soft oxygen plasma for accidental photoresist monolayer removal 
and oxygen diamond surface treatment 

• Titanium 20 nm or 5nm thick 

• Aluminium 100 nm or 20 nm thick 

The titanium and aluminium are deposited in-situ without venting the system 
and breaking vacuum which prevents forming titanium oxide. The material 
choice is titanium because it can form interface layer with good adhesion with 
diamond and also the top layer, which is in this case aluminium. The aluminium 
is chosen to ease wirebonding. Both metal stack thicknesses (Ti/Al - 20/100 and 

5/20) were tested for wirebonding to produce stable layers. 

After the metal deposition the next step is the liftoff. This is done by 
ultrasonicating the sample in a Teflon boat in warm (55°C) acetone for about 15 
minutes. After the liftoff in the acetone, it is sonicated in isopropanol for 2 
minutes, followed by thorough washing in deionised water and drying by 
compressed air. 

3.4.3. Optical lithography results 

 

Figure 24 (left) interdigitated electrodes (ID001) of 5µm gap with patterned 
antenna (right) linear electrodes array ranging from 3µm to 50µm 

The Figure 24 shows the ID001 and LA001 final device patterns after successful 
development, metal deposition, and lift-off. The above-described method is 
highly reproducible, with the resist uniformity allowing “edge to edge” sample 
coverage lithography. This result is significant as it confirms the lithography 
method developed in course of this thesis is suitable for small diamond samples. 
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3.5. E-beam lithography process 

To achieve sub-micron resolution of the patterned structure, e-beam lithography 

was explored. The process was adapted to diamond sample inside the holder 
and usable electrodes down to 200nm electrode gap were developed by the 
following process. 

3.5.1. E-beam mask design 

Table 3 Marking and electrode gap used in the mask design 

Marking A B C D E F G 

Electrode 
gap (nm) 

100 200 500 800 1000 2500 50 

 

The mask designed for the E-beam lithography benchmarking on small diamond 
samples was composed of linear electrode array ranging from 50 nm to 2500 nm 

gap (as shown in Table 3 and in Figure 25).  

 

Figure 25 Mask design for benchmarking of the e-beam process on small 
diamond samples 



 

38 

3.5.2. E-beam methodology 

Table 4 Processing parameters for PMMA in Anisole (PMMA3A) 

Step name Parameter Time 

Layer 1   

Spincoat PMMA3A 1000 rpm 30 s 

Softbake of the holder with resist 120°C 120 s 

Layer 2   

Spincoat PMMA3A 3000 rpm 30 s 

Softbake of the holder with resist 120°C 120 s 

ESPACER™ 300Z coating 5000 rpm 30 s 

ESPACER™ dry bake  90°C 30 s 

 

In Table 4 the processing parameters are chronologically described for spin 
coating of two layers of PMMA3A (3% PMMA in anisole). The PMMA is used for  
E-beam lithography.  

3.5.3. E-beam results 

 
Figure 26 Results of the e-beam lithography on sample #180, electrode gap 

sizes corresponding respectively to the electrode marking are shown in Table 3 

The results, shown in Figure 26, confirm the viability and usability of the above-
mentioned procedures to prepare nanoscale contacts on top of the diamond 
sample by e-beam lithography. It opens further possibilities for more complex 
applications and, in combination with PDMR method, it will enable to downscale 
the readout structures to surpass the spatial resolution of ODMR, limited to 
~ 250 nm due to optical diffraction. 
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The yielded devices were inspected by SEM (scanning electron microscopy). 

Then, the 200 nm electrode pair (B) was wirebonded on each respective pad and 
tested on the measurement setup, where the usability of the electrodes was 
confirmed by measuring IV curves in range ±1 V (5 V/µm) first in dark, and 
then under 1mW green laser illumination (see Figure 27). 

 

Figure 27 IV curves on sample #180 with e-beam electrodes with 200 nm gap 

(position B) performed in dark (orange) and under 1 mW green illumination 
(blue) 

3.6. Laboratory measurement and setup 

description 

During this PhD research four different NV measurement setups have been 
developed and used for various laboratory measurements. Each setup is 
dedicated to a slightly different task. Due to this, the hardware of each of the 
setup slightly differs in purpose. The key differences are briefly described further 
in this section. 

Section 3.6.1 describes the general setup layout followed by a full list of 
hardware used across the setups. The component name and type, the 

communication interface and protocol used within the software, if applicable, are 
included. It also summarizes the list of used commands and/or functions and 
provides link to the user manual. All the laboratory setups were equipped with a 
control software developed during this PhD work. 

Section 3.6.2 discusses the automated software and serves as a guide for the 
user to be able to navigate in the program. The section summarizes the global 

and high-level overview of the control software, going deeper into routines and 
subroutines and addressing the key functions of the program. The major focus is 
dedicated to the software main loop (see section 3.6.2) as it contains the core 
functionality of the program and is essential to understand the measurement 
routines and the principle of operation. The chapter 3.6.3 contains the detailed 
description of the setup hardware components. 

The setups and their key differences are described on following pages. 
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3.6.1. General setup layout  

 

Figure 28 General confocal setup layout 

In Figure 28 is shown the example of general layout of scanning confocal 

fluorescence microscopy setup that can be used for the imaging and 
measurements on NV centres in diamond. The laser is used for the sample 
excitation, piezostage is used for fine sample scanning to search for NV centres 
or specific location on the sample, avalanche photodetector (APD) can be used 
to collect the signal after filtering out the green light by a filter. Alternatively, 
the detection beam can be routed to more advanced systems such as 

spectroscopy-based measurements, utilized via monochromator/detector system 
or a spectroscopy camera. Furthermore, the setup can also vary by the sample 

mounting alignment (as shown in Figure 29), having impact on complexity, ease 
of use, magnetic field access, and spatial footprint. In the figure can be seen 
multiple optical parts playing role in laser beam parameters or otherwise useful 
for the setup performance. Those are i.e., pinhole (PH), half-wave plate (HWP), 
filter wheel (FW), mirrors (M) and lenses (f), beam trap (BT), beam splitters 

(BS), or removable mirrors (RM). 
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Figure 29 Setup alignment layout schematics (left) vertical alignment (righ) 
horizontal alignment. Purple rectangle represents the diamond sample 
containing NV centres, green line represents the excitation laser light. 

Setup 1 (Spectroscopy setup) 

The key difference of Setup 1 from all the other measurement setups is, that it 
is equipped with Andor spectroscopy camera for acquiring spectroscopy 
information of the samples. The setup is used to characterize for example 
diamond sample and to measure their characteristics. At the current date the 
system is equipped with Keysight AWG enabling pulsed measurements by 
synthesizing high frequency arbitrary waveforms and pulses.  

Setup 2 (Magnetometry setup) 

The Setup 2 is most often used for magnetometry measurements and is 

equipped with magnet holder for the purpose of ODMR/PDMR resonance 
splitting. The S2 also has automated control of laser intensity by robotic 
polarizing wheel and servo-controlled detector. 

Setup 3 (NMR setup) 

The Setup 3 is equipped with a Time-tagger and Pulse streamer (Swabian 
Instruments) and was designed mainly to perform NMR on single NV. The 

system is equipped with series of microwave switches enabling the complex MW 
+ RF sequences necessary for NMR operation. 

Setup 4 (OSCAR-QUBE test bench setup) 

The Setup 4 is specialized setup designed as test bench model for the project 
OSCAR-QUBE magnetometer. The system is designed as “low-budget” 
simplification of the measurement system. Compared to the other systems, this 

system is not a confocal system and does not have piezo controlled stage, 
instead has XYZ stepper motor stage. 

  



 

42 

Hardware comparison list 

The hardware on each setup varies because each of the systems has a different 
use, which is also reflected by the hardware used. In table below the key 
hardware differences of each system are listed. However, despite the 
differences, the software mainframe is the same with modular control of 

individual hardware resources. 

Table 5 Comparison of key hardware components between experiment setups 

 S1 S2 S3 S4 

Microwave Keysight 

AWG 

SR SG380 Windfreak 

synthNV 

OSCAR 

Laser GEM 532 GEM 532 GEM 561 OSCAR 

Stage PI piezo Piezoconcept  PI piezo PI stepper 

Preamp SR570 SR570 SR570 Femto 
10e10 

Lockin SR830 AMETEK 7270 SR830 None 

Readout NI card NI card NI card + 

Timetagger 

OSCAR 

Bias Keithley 
2400 

Keithley 487 Keithley 487 OSCAR 

3.6.2. Setup software 

The software can be divided into 4 sections: Initialization sequence, Utility loop, 
Main loop, and Master stop loop shown in the Figure 30. The sequence is that 
upon launch of the program, the initialization sequence initializes all the GUI 
values for easy user interaction and initializes the communication protocols with 

the hardware. During this part all the VISAs and COM ports are established and 

are used as local variables across the system.  

The design of the main loop of the program is illustrated in Figure 30. It can be 
separated into individual modular components. The components are 
measurement selection, various GUI operations for user friendly operation, 
photon counting and photocurrent readout on idle, control routines to prevent 
running of multiple concurrent processes at the same time in order to protect 
the measurement system. Finally, it consists of 4 main tasks: XY(Z) scan, Depth 

scan, ODMR/PDMR sweep, and Pulsed measurement. After which all the data are 
saved to the drive. All the components are further described in following 
sections. 
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Figure 30 Global software layout 

 

Figure 31 General main loop overview 
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Figure 32 and Figure 33 contain description of the main control software 

graphical user interface layout. It allows the user to map the sample, find and 
optimize the position of NV centres and to run the ODMR and PDMR 
measurements. The control system is also enabling the user to run pulsed 
measurements described in the abovementioned chapters. The acquired data 

are then automatically saved and file with measurement parameters generated 
to maintain measurement log and are backed up to the Google Drive for later 
data postprocessing.  

 

Figure 32 GUI general layout schematics 

 

Figure 33 Global GUI layout overview preview 
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3.6.3. Setup 1 (Spectroscopy setup) 

Here below are listed all the hardware components of the Setup 1 laboratory 

system. 

Table 6 List of equipment currently present on setup 1 (by 02/02/2021) 

Function Part/device Model Company Description 

Optical excitation 

Green laser Gem 532 Laser 
Quantum 

CW solid-
state laser, 
532 nm 
emission 
wavelength, 
500 mW 
maximal 
power 

Pulsing 

Acousto-optic 
modulator 
(AOM) 

AOMO 
3200-146 

Crystal 
Technology 

20 ns rise 
time, 31 MHz 
modulation 
bandwidth, 
1000:1 
contrast 
ratio, 80 % 
diffraction 
efficiency 

RF source AODR 
1200AF-
DIF0-1.0 

Crystal 
Technology 

Digital 
modulation, 
200 MHz 
frequency, 1 
W output 
power 

Separation of PL 
light from laser 

excitation 

Dichroic 
mirror 

DMLP550L Thorlabs Ø2" Longpass 
Dichroic 
Mirror, 550 
nm Cut-On 

Focusing of laser 
light on sample 

(objectives shared 
with other 

confocal set-ups) 

Oil objective PlanApo N Olympus 60X, NA = 
1.42, W.D = 
170 µm 

Water 
objective 

UplanSApo Olympus 60X, NA = 
1.2, W.D = 
130 to 210 
µm 
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Air short-
distance 
objective 

UPlanSApo  Olympus 40X, N.A. = 
0.95, W.D = 
110 to 230 
µm 

Air long-
distance 
objective 

M Plan 
Semi-
Apochromat
  

Olympus 100X, N.A. = 
0.8, WD = 3.4 
mm 

Sample movement 

Electric xy 
stage for 
coarse 
movement 

Omicron Vacuum 
Physik 

Electric XY 
Microscope 
Stage 

Piezoelectric 
xyz stage 

PZT flexure 
stage P-
517K023 

PI XYZ Piezo 
System, 100 
μm × 100 μm 
× 20 μm 

Piezo stage 
controller 

E-501.00 PI Digital Multi-
Channel 
Piezo 
Controller, 3 
Channels, 90 
to 120 V, 
Sub-D 
Connector(s), 
Capacitive 
Sensors, 
Analog Inputs 

Photoluminescenc
e detection 

Pinhole P30S Thorlabs Ø1" Mounted 
Precision 
Pinhole, 30 ± 
2 µm Pinhole 
Diameter 

Long-pass 
Spectral filter 
to block laser 
light 

FELH0550 Thorlabs OD > 5 

Long-pass 
Spectral filter 
to select NV- 
PL 

FELH0650 Thorlabs OD > 5 
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Band-pass 
Spectral filter 
to select GeV 
PL 

FB600-10 Thorlabs 

 

Short-pass 
Spectral filter 

FES0600 Thorlabs 

 

Single photon 
counter 

SPCM-
AQRH-14 

Excelitas 
Technologie
s 

Dark counts < 
100 cts/s, 
dead time: 20 
ns, Output 
count rate 
before 
saturation: 
40 MCts/s 

Gating for 
time-resolved 
measurement
s 

MCS8A FastComtec 200 MHz 
digital 
channel 

Gating for 
time-resolved 
measurement
s 

PCIe-6374 National 
Inst. 

3.5 MHz 
analog 
channel, 10 
MHz digital 
channel 

Photoelectric 
detection 

Voltage 
source  

Keithley 
6221 

Tektronix 0-105V 

Voltage 
source  

SM 7020 Delta 
Electronika 

0-70V, Higher 
voltage 
stability 
compared 
with Keithley 
9221 

Current-to-
voltage 
preamplifier 

SR570 Standford 
Research 
Systems 

5 fA/√Hz 
input noise, 1 
MHz 
maximum 
bandwidth 
(at low 
amplification)
, 1 pA/V 
maximum 
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gain, 
configurable 
signal filters 

Current-to-
voltage 
preamplifier 

DLPCA-200 Femto 440 fA/√Hz 
input noise at 
400kHz and 
100 nA/V 

Lock-in 
amplifier 

SR830 Standford 
Research 
Systems 

1 mHz to 
102.4 kHz 
range, 
>100 dB 
dynamic 
reserve, 0.01 
degree phase 
resolution, 
Time 
constants 
from 10 µs to 
3 ks 

MW signal 
generation, 

amplification and 
pulsing 

MW source SynthHD 
Pro 

Windfreak  54MHz – 
13.6GHz, +18 
dBm output 
power, 0.01 
dB amplitude 
output power 
step size 

MW amplifier ZHL-16W-
43-S+ 

Mini-
Circuits 

1800 to 4000 
MHz, gain: 45 
dB, gain 
flatness: ±2.0 
dB 

Pulse sequences 
generation 

Arbitrary 
wave 
generator 

M8190A Keysight 4 digital and 
2 analog 
output 
channels, 8 
GSa/s 
sampling rate  

Spectroscopy  

Spectrometer 
and CCD 
camera 

Kymera 
193i-A 

Andor 180-1200nm 
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4. Chapter 4 - Pulsed photoelectric coherent 

manipulation and detection of N-V center 

spins in diamond 

Authors contribution: I developed the system control software and data 
acquisition algorithm. Also, the main idea of the MW triggering on which is the 
paper based is taken up from the patent US20170328965A1 of which I am the 
first author. This part relates to the microwave triggering that allows the high 

contrast spin readout. This work focuses on advancing the PDMR readout 
technique towards single NV centre readout and demonstrating that it is viable 
for pulsed measurements allowing the spin manipulation. This work is setting an 

important baseline for the next more advanced research and applications, such 
as quantum NMR or quantum computing by addressing individual qubits 
electrically, as well as step towards miniaturization. 
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Abstract:  

We demonstrate hybrid photoelectric pulse protocols for reading the spin states 

of nitrogen-vacancy (N-V) centers in diamond, compatible with coherent spin 

control and performed on shallow nitrogen-implanted electronic grade diamond. 

The measurements are carried out on spin ensembles from 1000 to just five N-V 

centers as a first step towards the fabrication of scalable photoelectric quantum 
chips. Specific microwave protocols are developed that suppress background 

photocurrent related to ionization of NS
0 defects and provide a high contrast and 

SNR. The technique is demonstrated on Rabi and Ramsey sequences. 

DOI: 10.1103/PhysRevApplied.7.044032 

I. INTRODUCTION 

Hybrid quantum detection approaches are considered very promising in the 
realization of scalable systems for quantum computation [1]. Here we 
demonstrate coherent manipulation and photoelectric readout of nitrogen 

vacancy (N-V) spin states in diamond as a basic building block for scalable 
miniaturized electric quantum devices [2]. The developed readout protocols are 
based on the N-V center two-photon ionization. Further on, by providing 
microwave (MW) on-resonance-triggering for a lock-in amplification, the 
photocurrent induced by the photoionization of single substitutional nitrogen NS

0 
(P1 defect) is subtracted from the detected signal. The presented technique 

allows for high readout contrast—the offset only due to the electronic noise—and 

signal readout up to high frequencies of approximately 20 MHz. The high 
sensitivity of the proposed protocols allows us to read the spin state of 
approximately five N-V centers.  

N-V solid-state qubits in diamond are among the most studied quantum systems 
today due to their record spin coherence time at room temperature [3] and are 
used for quantum sensing applications (e.g., magnetometry [4], thermometry 
[5], or single-spin nano-magnetic-resonance imaging [6]). The optically 

detected magnetic resonance (ODMR) method [7] used as a major technique for 
N-V center readout in diamond has important limitations in the scalability and 
does not provide integration with electronic chip. Recently, we have introduced 

the photoelectrically detected magnetic resonance (PDMR) technique [8] for 
reading out the electron spin state of negatively charged N-V center in diamond. 
This method provides a vast enhancement of over 2.5 orders of magnitude in 

detection rates compared to ODMR measured in similar experimental conditions 
(see Ref. [9] for details). The technique is potentially applicable to other 
materials such as SiC [10], GaN, or AlN [11]. Although we have demonstrated 
the principle of this method, it was used only for continuous wave (CW) readout 
of the j0i and j1i spin states of N-V ensembles in lab-grown chemical vapor 
deposition (CVD) or high pressure high temperature (HPHT) diamonds [8]. In 
order to use the advantages of the PDMR technique in quantum sensing and 

computational schemes, it is necessary to demonstrate that the photoelectric 
readout is compatible with the quantum control of individual N-V electron spins. 
The photoelectric detection of Rabi oscillations was demonstrated, for example, 

https://doi.org/10.1103/PhysRevApplied.7.044032
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in two-level exciton systems in quantum dots [12,13] or in silicon [14–16]. 

Here, we perform coherent operations with PDMR on spin ensembles of just a 

few (approximately five) N-V centers by designing specific readout sequences. 

We demonstrate these protocols by performing Rabi and Ramsey measurements 
on shallow N-V ensembles implanted in electronic grade diamond that is—unlike 

bulk crystals—a material suitable for future quantum devices. The proposed 

method leads to a significant suppression of background photocurrents, which is 

one of the main limiting factors in achieving PDMR on single N-V sites [8,17] and 

considerably increased signal-to-noise ratio (SNR) compared to CW PDMR 
measurements [8,9].In this way, we can experimentally verify the SNRs that 
were previously only theoretically predicted [18]. 

II. EXPERIMENTAL SETUP AND PRINCIPLE 

Figure 1(a) depicts the hybrid photoelectric quantum chip used in our 

measurements. Type-II a single-crystal electronic grade diamond is implanted 
with 8-keV 14N4+ ions and annealed at 900°C to create ensembles of shallow N-V 
centers (depth 12 ± 4 nm). The implantation fluence is varied to create a total 
of five regions with different N-V densities (from approximately 15 to 104 μm−2). 
The sample is equipped with coplanar Ti-Au electrodes with a 50-μm gap and 
mounted on a circuit board to enable MW excitation and photocurrent readout. 
The MW is provided using two printed antennas [19]. Green laser illumination 

induces the two-photon ionization of N-V centers from the |0> and |±1> 3A2 NV 
ground-state (GS) spin manifolds to the conduction band (CB) [Fig.1(b)] 
[20,21]. A dc electric field is applied in between the electrodes, and the 
photocurrent is read out by a lock-in amplification after sensitive 

preamplification (see Ref. [22] for more details on the experimental setup). The 
magnetic resonance (MR) contrast in the detected photocurrent is obtained 

under resonant microwave excitation (2.87 GHz) inducing transitions from the 
j0i to the j1i spin sublevels of the N-V ground state [23]. Electrons photoexcited 
from the j1i GS manifold have a nonzero probability of undergoing shelving 

transitions from the N-V excited state to the metastable 1E state [24–26]. During 

the time in which the j1i spin electron is stored in the metastable singlet state 

(approximately 220-ns lifetime) [8,27,28], it is protected from photoionization. 
This electron shelving leads to a reduction of the overall photocurrent and, thus, 
to a minimum in the photocurrent signal at the resonant MW frequency [8]. So 

far, the photocurrent signal from N-V centers is read out either by the lock-in 

technique referenced to the laser-pulse frequency [8,9] or by detecting the dc 
photocurrent after implementing a laser readout pulse [18]. Both proposed 

methods suffer from a background photocurrent induced by the photoionization 

of other defects such as substitutional nitrogen (NS
0) [9], which reduces the 

detected MR contrast, preventing the application of PDMR for single N-V 

detection. Here we perform PDMR readout using pulse sequences and 
referencing the lock-in signal to the MW pulses. In this way, we detect only the 
proportion of the photocurrent affected by the MW field, i.e., variations in the 

photocurrent signal related to |0> ↔ |±1> transitions. Therefore, we obtain a 

resonance spectrum with a positive contrast defined as (Smax − Smin) / (Smax + Smin), 

where S is the ac signal detected by the lock-in amplifier, and its maximum is 

equivalent to approximately 30% (or less) of the total dc off-resonant N-V 

photocurrent. Because the ac off-resonant photocurrent is zero, the detection 
contrast between off- and on-resonant MW frequencies is approximately 100% 
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and is reduced only by the detected noise. As an additional advantage, the 

background signal from defects other than N-V is filtered out when scanning the 

MW frequency around the N-V resonant line.  

 

FIG. 1. (a) Schematics of the setup used for pulsed PDMR, showing a type-IIa 
nitrogen implanted diamond mounted on the circuit board. (b) Simplified 

electronic energy-level scheme of the NV center showing two photon ionization 
of the electron from the GS to the CB. Spin-selective decay through metastable 
1E state enables the PDMR (MW, microwave; VB, valence band; CB, conduction 

band). 

 

 
FIG. 2. (a) Comparison of the laser- (dark red dots) and MW- (black dots) 

triggering CW PDMR method in the case of a fast measurement (single PDMR 

scan). Data were measured on a N-V ensemble using similar experimental 

conditions and fitted. (b) PDMR pulse trains that encode high-frequency pulse 
sequences (Rabi, Ramsey) into a low-frequency envelope used as a reference for 

lock-in detection 
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The use of MW triggering sequences gives significantly lower electronic noise 

that is identified to originate from the coupling of MW irradiation to photocurrent 
readout circuits. To quantify the benefit of the MW-triggering scheme, we 
measure CW PDMR spectra at the same position using both approaches (lock-in 
amplifier referenced to the laser and MW pulse frequency, with similar 

experimental conditions), and we compare the SNRs for both cases. The 
photocurrent signal S is determined from a fit of the PDMR spectrum. The noise N 

is calculated as the standard deviation of the off-resonant (blank) photocurrent 
signal. At the highly implanted region of the sample (corresponding to 

approximately 1000 N-Vs in focus of the objective), the MW triggering yields a 

7.4 times improvement in the SNR. The illustrative spectra are shown inFig.2(a). 
The vast improvement in the SNR is visible even for a very fast measurement. 

To achieve coherent manipulation of spins with photoelectric readout, we encode 

single-pulse sequences into a low-frequency envelope [Fig. 2(b)]. A continuous 
series of consecutive laser pulses is used in which each pulse serves for the spin 
initialization and spin-state readout. Bursts of spin manipulation MW pulses time 
shifted with respect to laser pulses are added to encode any arbitrary sequence. 
A MW trigger pulse marks the start of the pulse burst during which the low-
frequency-modulated photocurrent signal is measured. In the off period of the 
duty cycle, a train of spin-polarization laser pulses maintains the occupation of 

the |0> state. We explore envelope frequencies from 30 Hz up to 1 kHz, tuned to 

obtain the highest SNR. In principle, this method enables us to encode any pulse 
sequence into the low-frequency envelope. Here we demonstrate this technique 
on Rabi and Ramsey measurements, which are key sequences for quantum 

measurements [29].  

III. EXPERIMENTAL RESULTS AND DISCUSSION 

Rabi measurements (see Fig. 3) are performed first in the region of the sample 

with approximately 1000 N-V centers in the focus of the objective (region R1 

[22]). Static magnetic field is applied perpendicularly to the <100> diamond 

plane to split the |±1> spin levels. We then vary the duration of resonant MW 

pulses at constant power [see Fig. 2(b)] to determine the duration of the π 

pulse. 

As expected, the Rabi frequencies calculated [22] from the fit [30] of these 

measurements depend linearly on the square root of the MW power (Fig. 3 

inset). The presented measurement proves the possibility of coherent spin 
readout using the MW-triggered PDMR envelope pulse scheme. The measured 
Rabi oscillations for MW peak power of 3.2 W are plotted in Fig. 3, yielding a 
Rabi decay time of approximately 490 ns on the sample area with the highest 
14N4+ ion implantation fluency. 
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FIG. 3. Photoelectric detection of Rabi oscillations using the envelope technique 
with MW triggering. The black scatter points are the experimental data for MW 
power of 3.2 W, and the blue line is fitted assuming an exponential damping. 

Inset shows the dependence of the frequency of Rabi oscillations with respect to 

the square root of the applied microwave power (red line is the result of the 
linear fit). 

To show the applicability of the designed PDMR protocols, we demonstrate 
functional Ramsey fringe pulse sequences [Fig. 2(b)] employed to characterize 

the N-V center free-spin dynamics. The measurement is performed at the same 

position as the Rabi experiment. By varying the free-precession time τRam, we 

observe a decay curve consisting of the superposition of three cosine functions 

with different frequencies δi (for conditions, see Ref. [22]). Each frequency 

corresponds to the detuning of the applied MW frequency from one of the 
hyperfine 14N transitions such that δ1 = νRam −2.2 MHz, δ2 = νRam, and δ3 = 

νRam + 2.2MHz [31,32], where νRam is the Ramsey frequency. The measurement 

is performed for different detunings δ2 (4, 8, 12, 16, 20MHz) from the central 

resonant frequency. The results are shown in Fig. 4. As expected, we observe a 
linear dependence of the Ramsey frequency to the detuning values (Fig. 4 

inset). The average dephasing time T2 for all measurements is approximately 41 

ns using single exponential decay fitting [33] or approximately 66 ns using 

Gaussian decay fitting of the data [34]. This short value reflects the decoherent 

interactions of N-V ensembles on the sample area overimplantedwith14N4þ 

ions(regionR1[22]). The main source of dephasing is the bath of paramagnetic 
substitutional nitrogen impurities (NS

0 centers), although14Nnuclearspins can also 

contribute [27,35,36]. Despite the very fast decay, our technique enables us to 

read out Ramsey fringes at high frequency of 20 MHz with a very high contrast, 
confirming the ability of MW-referenced PDMR to measure samples with very 
short T2 times with high SNR. By the proposed technique, Hahn echo or more 

complex sequences such as the Carr-Purcell-Meiboom-Gill pulse train can be 

encoded into the envelope carrier. The base value of the MW-triggered 
photocurrent is inversely proportional to the detuning frequency, reflecting the 
occupation of spin states integrated over the statistical weight of the |0> and |−1> 

manifolds. 
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FIG. 4. Photoelectric detection of Ramsey fringes for different detuning of MW 

excitation frequency from the N-V resonant frequency. The scatter points are the 

experimental data fitted considering a single exponential decay (continuous 
lines). Inset shows the linear dependence of Ramsey frequency to the MW 

detuning (purple line is the result of the linear fit). 

An important milestone for the PDMR technique is to reach coherent 

manipulation of single N-V spins. While our recent studies [8,9] and other 

published work [18] demonstrate PDMR on N-V ensembles, the photoelectric 

readout of single spins is not achieved yet. To downscale the number of N-V 

centers, we use the N-implanted electronic grade diamond containing five 

regions of descending N-V densities corresponding to ensembles from 1000 to 

approximately five N-V centers in focus of the objective. The number of N-V 

centers is calibrated from photoluminescence counts of a single N-V obtained 

under the same conditions. 

First, we measure the total photocurrent signal upon downscaling the N-V 

ensembles [see Fig. 5(a) inset]. For this, we use the lock-in technique 
referenced to a pulsed laser without the MW field applied. These data can be 

fitted using a sublinear function. We speculate that this is due to a reduction of 
recombination lifetime in the highly implanted region. From the fit, we 
experimentally determine the total photocurrent resulting from the ionization of 

a single N-V to be approximately 1.0 pA for an electric field of 2 × 104 V cm−1 

similar to predictions presented in Refs. [8,18]. However, the measured 
photocurrent is a sum of the N-V–related photocurrent and of the background 
signal originating mainly from single substitutional nitrogen NS0 ionization. We 

estimate that at these power conditions, approximately 75% of the signal comes 
from two-photon ionization of the N-V centers [9]. Thus, we experimentally 
verify the predictions of the photocurrent value expected for single N-V centers 
in given electric field conditions by measurements on a small number of N-V 
centers (approximately five) downscaled by at least approximately 104 times 

compared to previous measurements [18]. Figure 5(a) shows pulse PDMR 
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spectra obtained for decreasing numbers of N-V centers in the focus of the 

objective. The data are fitted using a two-peak Gaussian function [36] averaging 
over the central and hyperfine MR lines and a noise background offset is 
subtracted from the spectra. The estimated value of the single N-V photocurrent 
at resonance frequency averaged from all four measurements is approximately 2 

fA. This value is approximately 50 times lower than the photocurrent expected 
for a single N-V in the used conditions based on CW light-triggered 
measurements (see above) and considering a CW PDMR contrast of 
approximately 10% [9]. This decrease is attributed to several factors such as 
the use of the duty cycle (resulting in a reduced effective MW and laser power) 
and the loss of the contrast during the laser readout pulse (since the laser pulse 
is used for both readout and initialization of the N-Vs).  

 
FIG. 5. (a) Photocurrent spectra measured on small spin ensembles down to five 

N-Vs using a sequence consisting of a short laser pulse followed by a MW π 

pulse. The experimental data are fitted with two Gaussian functions. For 
comparison, the inset shows the total photocurrent from different numbers of N-

V centers measured with only laser excitation (blue line is the result of the fit). 

(b) Rabi measurement on five N-V centers at MW power of 3W. The fit of the 

data takes into account the beating originating from the coupling to the nitrogen 
nuclear spins with frequency of 2.2 MHz, similar to the fitting of Ramsey data in 

Fig. 4. 
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By using pulse PDMR protocols with MW triggering, i.e., without any contribution 

of background photocurrent originating from NS0 photoionization, we 
demonstrate Rabi measurement on the sample region with the lowest 
implantation density corresponding to five N-Vs in the focus [Fig. 5(b)]. The 
presented results show the applicability of the scheme for measurements of just 

very few individual N-V centers. 

To explore the limitations of the pulsed PDMR method, we concentrate on the 
comparison of the theoretical and experimental values of the noise level. The 

main components of the total noise Nrms come from the shot noise generated by 
the photocurrent ISN(rms) [37,38], input noise of the preamplifier Ipreamp(rms), 

and input noise of the lock-in amplifier Ilock-in(rms) expressed as 

 

where Δf is the bandwidth of detection electronics. Thanks to the lock-in 
amplifier detection, one is able to reduce the noise significantly, since in this 
case, Δf corresponds to the equivalent noise bandwidth (ENBW) determined by 
the lock-in amplifier time constant. The ENBW can be then very narrow, thus, 

increasing the SNR by rejecting the white noise [37]. The total noise is then 
calculated as 

 

where e is the elementary charge, and I is the measured photocurrent. 
Considering the specifications for our preamplifier and lock-in amplifier, we 
calculate for the CW technique Nrms/√ENBW of approximately 60.4 fA Hz−1/2 with 

a dominant noise originating from the preamplifier (approximately 60 fA Hz−1/2 
at a given frequency) compared to the measured value of approximately 83.7 fA 
Hz−1/2 for 1000 N-Vs in the focus. We speculate that this difference (23.3 fA 
Hz−1/2) between the experimental and predicted noise is due to the photocurrent 
noise correlated to MW cross talk occurring on the chip level. This type of 

crosstalk noise should be significantly reduced for the pulsed measurements 
where the laser readout pulse is decoupled from the MW pulse. To confirm this, 

we determine the correlated noise for the experiment in Fig. 5(a) performed 
using the pulsed protocols. In this configuration, the correlated noise is reduced 

to 4.4 fA Hz−1/2. The correlated noise compared to the optically-triggered CW 
PDMR (212.5 fA Hz−1/2) is, therefore, reduced by a factor of 48. The shot noise for 

the MW-triggered PDMR is approximately 0.126 fA Hz−1/2 calculated for a single N-
V spin photocurrent (considering a differential current between the spin |0> and 

|±1> states of 100 fA). 
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IV. CONCLUSION 

To conclude, we demonstrate pulsed coherent readout techniques for small 

ensembles down to five individual N-V centers in shallow implanted electronic 

grade diamond, which is the material used for relevant quantum applications. 
We develop MW-referenced pulse sequences enabling us to eliminate the NS

0-

related background photocurrents, which was previously identified as a main 

obstacle to using the PDMR technique for readout of single N-V spins. In this 

way, together with the lock-in readout technique, we reach a signal detection 
contrast close to 100%. A significant reduction of the correlated noise compared 
to the CW technique makes possible an order of magnitude enhancement of the 

SNR. We develop hybrid Rabi and Ramsey photoelectric coherent spin 
manipulation protocols encoding high-frequency MW and laser-pulse sequences 

into a low-frequency envelope. A further enhancement in the SNR can be 

achieved by designing nanoscopic electrodes for operating efficiently single N-Vs 

with high photoelectron gain [8,9]. The ability to read out and control the spin 
state by the hybrid photocurrent method presented here demonstrates 
perspectives on progressing towards a compact and scalable single-spin device. 
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5. Chapter 5 - Magnetic field sensitivity of the 

photoelectrically read nitrogen-vacancy 

centres in diamond 

Authors contribution: I am the main author of this work and I developed 
software, electrode fabrication process, realized measurements, data processing, 
and writing of the paper. This work is exploring the use of a laser wavelengths 
that only stimulate NV centres and do not lead to photoionization of additional 

defects (namely P1 substitutional nitrogen) which can contribute to the 
photocurrent signal and are excited by green 532nm wavelength. Whereas 
yellow-green 561nm wavelength should theoretically only excite the NV centres. 

Therefore, this work is positioned within my PhD work on finding optimal ways 
to realize PDMR readout and advancing this technology further.  
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Abstract:  
In this work we report on the sensitivity of photo-electrical detection of magnetic 
resonances (PDMR) for magnetometry measurement using low density nitrogen 
vacancy (NV) ensembles in CVD-grown diamond. We demonstrate that the 

selection of the laser excitation wavelength is of importance for achieving 

optimal magnetic field sensitivity. The PDMR sensitivity obtained using a yellow-
green (561 nm) laser surpass the performances of a green laser (532 nm), by 
suppressing the photoionization of defects other than NV centres (such as P1 
centres). It consequently allows to carry out the PDMR measurements at lower 
laser powers with increased magnetic resonance contrast. Noticeably for both 
the green and yellow-green illuminations PDMR leads to improved sensitivity to 
magnetic fields in the selected conditions compared to ODMR. 
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Magnetic field sensors are widely used in applications including consumer 

electronics and space probes. Their working principles are mainly based on 
classical electro-magnetism or semiconducting principles such as the Hall effect 
or giant magnetoresistance (GMR). A new generation of magnetometers that 
works on quantum mechanical principles, such as SQUIDS, vapor phase 

magnetometers and others [1], [2], have been developed in parallel. One of the 
possible magnetometer configurations, which recently triggered significant 
interests, is based on the NV color centre in diamond [3]–[5]. The NV spin 
sensor can detect the magnetic field through the detection of the Zeeman split 
between the ms = -1 and ms = +1 spin sublevels or through phase accumulation 
when mS = 0 and mS = (-1) are in a superposition state. Compared to other 
devices, the NV spins offer advantages in terms of vector field magnetometry, 

wide dynamic range, long term stability, and room-temperature operation [3], 

[4]. So far, Optically Detected Magnetic Resonance (ODMR) NV magnetometers, 
based on the detection of the photoluminescence emitted by NV centres under 
excitation (see Figure 1b), have been studied [5]–[7].  

Sensitivities ranging from typically 1 nT/Hz1/2 to below 1pT/Hz1/2 [3], depending 
on the experimental configuration and on the type of detection protocols used, 

have been reached. However, the main challenge for practical applications of 
such devices remains their miniaturization and integration into compact devices 
[7].  

Alternatively, the NV spin state can be read using the recently established 
Photoelectric Detection of Magnetic Resonances (PDMR) [8]–[13]. PDMR make 

use of the spin-state dependent photocurrent resulting from NV centres two-
photon ionization (Figure 1b) and might provide a pathway to compact sensors 

integrated with electronics. The essential parameter to evaluate the performance 
of such detectors is the detection sensitivity. In this work we evaluate the 
magnetic field sensitivity of a continuous-wave (CW) PDMR-read device and 
compare it with CW ODMR readout executed in parallel on the same sample. The 
highest sensitivities using NV centres have been achieved so far employing 
ODMR technique in dense NV ensembles (concentrations in the range of 1 ppm 
or higher) [6].  

Nevertheless, there is also a range of applications using magnetometers with 

single NV centres with a typical CW sensitivity of ~1 T/Hz1/2 per NV [14]. For 

pulsed measurements the sensitivity of ~10 T/Hz1/2 has been reached using 

nanopillars for light detection.[15] The single NV centre configurations is also 
used, for example, in scanning diamond magnetometry to map the magnetic 
field at nanoscale. Low-density ensembles with isolated NV centres spread in 2D 
plane across the diamond surface can alternatively provide a high spatial 
resolution and mapping of magnetic field in wide-field magnetometry 
configuration, relevant for instance for biological sensing [15]. For this reason, 
we concentrate our work on low-density NV ensembles. Additionally, in such 

study the complex spin interactions present in high-density ensemble systems 
can be omitted allowing a better comparison of electrical and optical detection 
sensitivity. 
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CW ODMR and PDMR measurements were performed under yellow-green (561 

nm) and green (532 nm) laser excitations. The selection of the excitation 
wavelength is important due to the presence of opto-electrically active defects 
other than NV centres in diamond crystals, in particular P1 centres (single 
substitutional nitrogen centres -NS). These defects can be photoionized and thus 

contribute to the photoelectric signal, limiting the PDMR contrast [8]–[10], [12], 
[16]. We show that using yellow-green light the PDMR contrast can be 
substantially enhanced compared to green illumination, leading also to a 10-fold 
sensitivity improvement when compared to ODMR measured simultaneously on 
the same CVD diamond sample. The PDMR technique Is of interest for the 
development of sensitive magnetometers capable of miniaturization and 
integration with electronics.  

The PDMR and ODMR measurements were carried out using a custom-built 
microscope that allows simultaneous optical and electrical detection of magnetic 
resonances [8]–[10], [12], [16]. A green (532 nm) or a yellow-green (561 nm) 
gem laser from Laser Quantum was pulsed at a low frequency (131 Hz) using 
acousto-optic modulators. The laser-pulsing frequency was used as a reference 
for lock-in readout of the photocurrent. The laser beams were focused on the 

diamond sample using an air objective (40x, numerical aperture of 0.95). The 
photoluminescence (PL) emitted by the diamond under excitation was filtered 
using a 650 nm and a 665 nm cut-off long-pass filters and detected in confocal 
mode using an avalanche photodiode (APD). For the experiments, we used a 
diamond layer epitaxially grown by plasma enhanced chemical vapor deposition 
(PDS-17 reactor from ASTeX) on top of a single-crystal high-pressure 
high-temperature [100] Ib diamond. The residual nitrogen in the growth 

chamber led to the formation of NV centres with the concentration of ~ 10 ppb 
(corresponding to ~ 200 NV centres in the optical confocal volume) as estimated 
from PL intensity compared to a reference sample with known NV concentration. 
The grown diamond sample was acid-cleaned in fuming H2SO4 with KNO3 and 
rinsed in deionized water. It was equipped with interdigitated contacts (5 µm 
gap) for photocurrent detection and with a microwave (MW) strip-line for 
application of the MW field required for NV spin manipulations. Contacts and 

strip-lines were prepared by means of optical lithography using sputtering 
deposition and consisted of 20 nm layer of titanium covered with 100 nm layer 
of aluminum. The electrodes and the MW strip line were wire-bonded to the 
printed circuit board tracks (see Figure 1a). The proximity of the strip-line to the 
measured NV ensembles (~ ten of µm) allows to use low MW powers (i.e., lower 

than 100 mW), limiting thus the sample heating. A bias electric field (~3 x 104 

V·cm-1) was applied between the electrodes and the collected photocurrent was 
pre-amplified (with a gain of 2 x 108 VA-1) using a Stanford Research SR570 pre-
amplifier and detected using a lock-in amplifier (Stanford Research SR850). The 
bias electric field was applied for both ODMR and PDMR measurements, as the 
two methods were used simultaneously.  

To acquire the ODMR and PDMR spectra, the MW frequency was varied with the 
step size of 1-2 MHz (or 150 kHz for hyperfine measurements). Typically, 100 

sweeps were acquired per spectrum with the duration of a single sweep of about 
55 seconds. The IV characteristics measurements were carried out by sweeping 
the bias voltage from 0 V to +25 V while detecting the DC current with a 
picoammeter (Keithley 486).  
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To perform magnetometry measurements, the degenerated mS = -1 and mS = 

+1 spin sublevels of the NV centres ground state (see Figure 1b) were first split 
by applying an external magnetic field using a permanent neodymium magnet. 
Resulting characteristic 8-peak ODMR and PDMR spectra are depicted in Figure 
2a and 2b. We remark that the spin contrast, defined below, of the 8 measured 

peaks was not evenly distributed, even when trying to fine tune the magnetic 
field orientation with a precision below 1 degree. This effect could be attributed 
either to a non-even incorporation of NV centres along the 4 main 
crystallographic directions during the CVD diamond growth or potentially to a 
not fully homogeneous magnetic field from our microscopic strip-line antenna. 
The highest ODMR and PDMR signal contrast (C) were obtained for the 
resonance line at ~2849 MHz, which was thus selected for further 

measurements. First, the hyperfine splitting induced by the adjacent 14N 

nuclear spin was measured both optically and electrically for comparison, using 
the same conditions (see Figure 2c and 2d). These measurements showed that 
PDMR can measure hyperfine spectra, similarly to ODMR. 

 
FIG. 1. A) Schematic of the PDMR chip used for experiments and the acquisition 

setup layout. B) Energy level diagram of the negatively charged NV centre, 

showing transitions responsible for ODMR and PDMR detection. The green 

arrows represent the NV two-photon excitation from the NV triplet ground state 

(3A2) to the triplet excited state (3E) and subsequently from the 3E state to the 

conduction band (CB) resulting in the generation of a free electron (e-) 

contributing to the photoelectric signal. Alternatively, from the excited state, the 

electron can decay either radiatively emitting a visible photon (red arrow) or 

non-radiatively, through a spin-dependent transition to a singlet metastable 

state (1E ground state and 1A excited state). The Zeeman splitting frequency is 

proportional to the applied magnetic field ∆ν= 2γNVBz where ∆ν is frequency 

splitting, γNV is Bohr magneton, and Bz is magnetic field applied along NV axis. 

The small difference between ODMR and PDMR hyperfine spectra linewidths 
(i.e., full-width-half-maximum - FWHM) can be attributed to the non-identical 

signal collection volumes addressed by each of the readout techniques [8]. 
Although the laser focus is the same for both methods, the ODMR detection 

volume is determined by confocal resolution (~500 nm) whereas in PDMR the 

a) b) 
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signal is collected from a volume defined by the convolution of the 2-photon 

absorption volume and the electric field profile and the mean free path of charge 
carriers [16]. As expected, the resulting FWHM of the single hyperfine line is ~3 
times smaller than the FWHM of the fine electron spin resonance (ESR) line.  

 
FIG. 2. The ODMR and PDMR spectra measured using yellow-green laser (561 
nm). (a) ODMR and (b) PDMR spectra split in eight peaks using a permanent 

magnet. Single peak of the (c) ODMR and (d) PDMR spectra showing hyperfine 

interaction (FWHM = 1.95 MHz, C = 0.68 % and FWHM = 2.81 MHz, C = 0.87 % 
respectively). Experimental conditions: laser power 2.4 mW, microwave power 

20 mW, bias voltage +15 V. The fitting used for case a) and b) was 8 peak 
Lorentzian fit, whereas in case of c) and d) single and triple Lorentzian fitting 

was used. 

We define the measurement contrast as 

C = (S resonant – S off-resonant) / S off-resonant    (1) 

where S is the photoluminescence or photoelectric signal measured either at 
resonant or off-resonant MW frequency. From previous works [8], [9], [16] we 

have found that P1 centres incorporated during the CVD growth reduce the 

measured PDMR spin contrast when using 532 nm green laser for the spin state 
readout and polarization. This is due to the fact that the measured current is 
increased by additional photocurrent generated from photoionization of P1 
centres and other opto-electrically active defects.  

For this reason, we compared two laser wavelengths (i.e., 532 nm and 561 nm). 

While the green laser photoionizes the P1 centres [17]–[20], the P1 
photoionization cross section is significantly reduced for yellow-green excitation 
[17], [19]. On the other side, the cross-sections for NV- photoionization and for 
repumping of NV0 to the original NV- charge state after the photoionization differ 
only slightly for the two used laser wavelengths [21], [22].  

c) 

b) 

d) 

a) 
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To characterize the photocurrent value, we have measured the current-voltage 

(I-V) characteristics for different laser powers for both used wavelengths. For 
these measurements we did not apply any MW field. The resulting I-V curves are 
depicted in Figure 3a and 3b. It should be mentioned that the photogenerated 
current includes the electron current as well as the hole current produced by the 

repumping of the NV0 charge state to NV- state [12], [23]. The photon energy of 
the green laser (2.33 eV) is sufficient to ionize other diamond-related defects 
(such as P1 centres - photoionization onset ~2.25 eV) resulting in higher 
detected photocurrent. On the other hand, using yellow-green (2.21 eV) 
illumination reduces the total photocurrent, which we attribute mainly to the 
reduction of P1 centre photoionization, although some other defects can be 
involved as well [16]. Therefore, for the yellow-green excitation we do not need 

to use very high laser power to have the two-photon NV photoionization 

dominate over the one-photon P1 centre photoionization. Consequently, the 
yellow-green is more efficient for NV current generation in terms of signal-to-
background ratio.  

Further on, we measured the PDMR and ODMR spectra in the range 2.7 to 3 GHz 
for both the yellow-green and the green laser excitations to examine the value 

of the spin contrast. We fit the measured resonance peaks (both for PL and 
photocurrent detection) using a Lorentzian function and calculated the magnetic 
resonance contrast from the fit. The resulting PDMR contrast dependence on 
laser power and laser color is depicted in Figure 3c. At lower laser powers (below 
~5 mW), a high spin contrast is observed for yellow-green light excitation, 
whereas we did not observe any spin contrast for the green (in this case the 
resonance is buried in the noise, as the NV photocurrent modulates the P1 

photocurrent). The maximal PDMR contrast obtained under yellow-green 
illumination (~ 3.2 %) is similar to the maximal ODMR contrast observed under 
the same excitation wavelength (see below) for the measured sample. This fact 
supports our conclusions about lower probability of P1 centre ionization by 561 
nm laser. At higher laser powers, the PDMR contrast is relatively low for both 
laser colours. We attribute this effect to the too high rate of light-induced spin 
polarization compared to the Rabi driving rate (proportional to the square root of 

the MW power) for high optical excitation powers, as well documented in 
literature [24]. The best conditions, yielding highest PDMR contrast for given 
MW power, were for yellow-green excitation at 1.6 mW. Notably, we observe a 
shift in laser power for the green and yellow-green spin contrast maximum. This 
fact is in line with generation of photocurrent from P1 centres using the green 

light: sin fact since we consume some photons for P1 photoionization (i.e., our 

effective optical power on the NV centres is lower), the NV excitation rates for 
green are lower and the maximum contrast is obtained at a higher laser power 
compared to yellow excitation. 
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FIG. 3. Comparison of yellow-green and green laser illumination for 

photoelectric detection. (a) IV curve for green laser illumination measured with 
picoammeter. (b) IV curve for yellow-green laser illumination measured with 

picoammeter. (c) PDMR contrast as function of laser excitation power. 
Microwave power 190 mW (for green), and 250 mW (for yellow-green), bias 

voltage +15 V. 

Based on the experimental results, we predict the sensitivity for the PDMR 
magnetometry and compare it to the ODMR. For this purpose, we used the shot-

noise limited sensitivity (η) formula of the NV system [25]: 

𝜂 =
4ℎ

3√3𝑔𝜇𝐵
∙

𝜈

𝑐√𝑅
 ,     (2) 

where h is the Planck constant, g is NV gyromagnetic ratio, μB is the Bohr 
magneton, C is the experimental spin contrast, ν is the measured FWHM, and R 

is the signal (i.e., the number of detected photons per second for ODMR or 
electrons per second for PDMR).  

The calculated sensitivities based on the measured data are shown in Figure 4 
together with the experimental values of FWHM, spin contrast, and the detection 
rate. The PDMR measurements with low power green excitation did not lead to 

any detectable contrast within the signal/noise ratio limits as discussed above. 
In case of the yellow-green excitation, the spin contrast was significantly 
enhanced, equalling the contrast of ODMR for the same excitation wavelength. 
Because under low excitation power the FWHM were also similar for both 
readout techniques, it is mainly the total photoelectric detection rate with 
respect to the photon count for ODMR that leads to the enhanced magnetic field 

sensitivity obtained using PDMR. Noticeably for both the green (for higher laser 

power) and the yellow-green illuminations (in all measured laser power range) 
PDMR leads to improved sensitivity compared to ODMR. It should be noted that 
the use of yellow-green excitation enables to reach a high PDMR sensitivity 
under considerably reduced laser power. As mentioned earlier, we used low-
density NV ensembles with typical concentration around 10 ppb (200 NV centres 
in the volume contributing to the photoelectric signal). This corresponds to CW 

PDMR magnetic field sensitivity of about 100 nT/Hz1/2, which compares 

approximately to ~1 T/Hz1/2 for single NV CW ODMR sensitivity in the scanning 
nanoprobes.[14] The sample that we used for our experiment has rather broad 
resonance lines, with FWHM in the range of 10 MHz. By using hyperfine lines 
due to interaction with the 14N spin the linewidth of about 3 MHz was achieved.  

a) b) c) 
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However, the FWHM can be further reduced significantly (i.e., below 100 kHz) 

for low NV doped samples, for example by using 12C isotopically enhanced 
diamond, thus improving the sensitivity to 1 nT/Hz1/2. By increasing the NV 
concentration and the input laser power the sensitivity could also be further 
enhanced significantly.  

Further device geometry optimization as well as using diamond with narrow NV 
resonance bandwidth will allow further improvement of the sensitivity. The 
advantages of our approach are the demonstrated ten-fold increased 
performance of PDMR compared to ODMR on the same low NV density sample 
and the possibility to use our method for devices that are fully integrable in 
compact magnetometers.  

 

FIG. 4. Magnetic field sensitivity predictions for PDMR and ODMR using yellow-
green and green laser. (a) Effect of laser power on the FWHM and (b) on the 

measured spin contrast. (c) Effect of laser power on detection rate. (d) 
Sensitivity dependency on laser power. Grey lines serve for eye guidance. 

Microwave power 190 mW (for green), and 250 mW (for yellow-green). Bias 
voltage +15 V. 

In summary, we have studied the sensitivity of the electrical readout technique 
for magnetometry measurement using a CVD-grown diamond sample with low 
NV concentration. We show that the selection of the laser excitation color is of 

importance in order to achieve optimal magnetic field sensitivity. The PDMR 
performances obtained using a yellow-green (561 nm) laser surpass the 
performances of a green laser (532 nm); the higher wavelength illumination 
enables to achieve better signal-to-background ratio by suppressing the 

photoionization of defects other than NV centres (such as P1 centres). It 

a) c) 

b) d) 
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consequently allows to carry out the PDMR measurements at lower laser powers 

with increased magnetic resonance contrast. In comparison to ODMR, 
photoelectric readout leads to ten times improved sensitivity to magnetic fields 
in the selected conditions. Future experimental work is necessary to gain better 
understanding about the possible charge exchanges between NV centres and 

other donor or acceptor defects in diamond, which could affect the PDMR 
contrast. 
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6. Chapter 6 - Electrical readout microwave-

free sensing with diamond 

Authors contribution: To this paper I contributed by preparation of the 
electrodes on the sample and the quantum chip, as well as I contributed to 
setting up and development of the PDMR based GSLAC measurement. I also 
partook in the paper writing. Huijie Zheng and myself are the first authors with 

the same contribution. This work is related to my PhD topic by exploring novel 
advanced potential use-cases for the PDMR readout technique, in this case 
microwave-free detection of magnetic resonance, which opens up new domain of 
research and industrial applications, where using a microwave fields is prohibited 

or influencing the measured parameters. 
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Abstract: While nitrogen-vacancy (NV−) centers have been extensively 

investigated in the context of spinbased quantum technologies, the spin-state 
readout is conventionally performed optically, which may limit miniaturization 
and scalability. Here, we report photoelectric readout of ground-state cross-
relaxation features, which serves as a method for measuring electron spin 

resonance spectra of nanoscale electronic environments and also for microwave-
free sensing. As a proof of concept, by systematically tuning NV centers into 
resonance with the target electronic system, we extracted the spectra for the P1 
electronic spin bath in diamond. Such detection may enable probing optically 
inactive defects and the dynamics of local spin environment. We also 
demonstrate a magnetometer based on photoelectric detection of the ground-
state level anticrossings (GSLAC), which exhibits a favorable detection efficiency 

as well as magnetic sensitivity. This approach may offer potential solutions for 

determining spin densities and characterizing local environment. 

Nitrogen-vacancy (NV) centers in diamond have become a prominent platform 
for spin-based quantum technology, being utilized to study small-scale quantum 
information processing concepts and quantum sensing under ambient 
conditions[1, 2]. Conventionally, the readout of the spin state is based on the 

optically detected magnetic resonance (ODMR) technique and NV center 
visualization is performed optically, taking advantage of the high-yield 
photoluminescence of the NVs. This typically requires setups built on optical 
tables to achieve the best performance. In that sense, fabrication of 
miniaturized compact devices and their integration for practical uses is a 
complex engineering endeavor[3, 4]. Alternatively, electrical readout is a 
convenient way to measure the spin state of a qubit, and recently, it has been 

successfully applied to NV centers via, for example, photoelectric detection of 
magnetic resonance (PDMR)[5], as well as photoelectric readout of electron[6] 
and nuclear[7, 8] spins. With this detection method, NV− centers can be 

addressed with a spatial resolution limited by the nanoscale feature size of 
electron-beam lithography[3, 5, 6, 8, 9], which could enable spin readout in 
fabricated dense arrays, and therefore, providing fully integrated quantum 
diamond solutions. The advantage over optical readout is that photocurrent (PC) 

detection allows one to overcome the spatial resolution limitation imposed by 
the diffraction limit. Moreover, electrical readout outperforms optical means in 
collection efficiency, as the latter are limited by finite-efficiency objective optics 
and the high index of refraction of diamond, and it is typically on the order of a 
percent of lower[3]. Photoelectric detection can achieve high efficiency since all 

the carriers can be collected and multiplied due to photoelectric gain[5]. 
However, an important problem is the microwave (MW) induced noise and cross-

talks[8] which limit the sensitivity of magnetic field sensing and imaging and 
also provides engineering and technological hurdles for a high-level integration. 

Here, we propose and implement a novel microwave-free PDMR detection for 
monitoring the local NV electron spin dynamics within the diamond lattice; in 
this scenario, we study spin transitions at the ground-state level anti-crossings 
(GSLAC), occurring at the fields of ≈ 102.4mT, which lead to narrow resonances 

and can be employed for sensitive magnetometry. The role of nuclear spins in 

these transitions and pinpoint differences to microwave-free detection is 
discussed in Ref.[10]. The developed methodology also opens perspectives for 
highly integrated magnetometry with electrical readout. 
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We begin with the investigation of magnetic resonances that originate from 

ground-state level anticrossing (GSLAC) and cross relaxation by performing both 
photoelectric and optical readout. Based on these results, we designed and 
implemented a magnetometer based on the PC detection of the GSLAC. This 
magnetometer alleviates the requirement of microwave control[11] and PC 

readout enables better magnetic sensitivity per volume compared to optical 
detection. 

 

 

FIG. 1. (a) Schematic representation of the setup used for PC detection. A static magnetic field 
(Bs) is applied along an NV axis (the z direction). A green laser beam is focused in between a 
pair of 5µm separated lithographic electrodes. The PC signal, Iphc, is detected with a lock-in 
amplifier with reference to the modulation frequency of the laser light by an acousto-optic 
modulator (AOM). A projected side view indicates the effective detection volume of PC (blue 
region) and PL (red region) readout. (b) The signals of PC (black solid triangles) and PL (red 

solid circles) readout when the focus lens is moved along the light-propagation direction (z-
axis, perpendicular to the diamond surface). The diamond sample is indicated with an amber 
rectangle. 

Photoelectric detection of NV− magnetic spectra. 

Throughout the experiments a high-pressure high temperature (HPHT) diamond 

was used (see Appendix B). To collect charge carriers under bias voltage, 
coplanar Ti/Al electrodes with a 5µm gap were lithographically patterned on the 

diamond surface. The photocurrent was pre-amplified and recorded via lock-in 
amplifier (LIA) with a reference to the laser modulation frequency. A custom-
made electromagnet was built to provide the background magnetic field [11]. A 
schematic of the experimental apparatus is depicted in Fig.1 (a), in which a 
cutaway sectional view is projected to the left. The laser beam is focused onto 
the diamond with a lens which is mounted on a three-axis translation stage, so 
that the focal spot can be moved. Optical detection of magnetic resonance and 

PC readout were carried out simultaneously. 
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We started our measurements by characterizing an effective interrogation area 

for the two detection methods, by positioning the laser spot in the vicinity of the 
electrodes. The laser beam is focused with an estimated beam waist of ≈ 6µm 

and Rayleigh range ≈ 200µm. We park the spot between the electrodes in the x-y 
plane and scan the beam through the sample along the z-axis. Figure 1 (b) 

depicts the recorded signals of PC and PL as the focal point crosses the diamond 
(note a 50V electric potential to the electrodes was applied in both cases to 

achieve comparable detection conditions). The scan in Fig.1 (b) starts with the 
focal point outside the diamond (denoted by the amber rectangle), then 
proceeds to the electrode plane (front diamond surface, roughly at 0mm where 
the maximum PC occurs), continues into the diamond sample, towards its back 
side at 0.65mm, and finally, out of the diamond. The PC signal soars rapidly 
from nearly zero to maximum within 3-mm movement of the lens when the 

laser focal spot approaches the near diamond surface, and reaches a maximum 
at when it is focused exactly on the surface. Under this condition, the NV centers 
in the effective photoelectric interrogation volume experience optimal optical 
excitation. When the laser spot passes through the electrode plane, the PC 
signal falls quickly due to less intense photoionization which is quadratically 
dependent on the laser intensity, and a rapidly decaying electric field[12]. The 
PL signal, however, experiences a different z-axial profile: it slightly increases 

from the level of 0.6 to 0.8 when the focal spot moves from -3mm to -1mm and 

then falls suddenly to a level of 70% to the maximum.  

The reasons behind involve blocking effect of the laser beam by the electrodes. 
Note the NV centers contributed to the PL across over the entire depth of the 
sample. PL signal gets maximized at ∼ 1.1mm where the focal spot has passed 

the whole diamond sample. Thereafter, it decreases to 70% at 2mm and finally 
flattens out. 

From the discussion above, we conclude that the electrical readout provides a 

smaller effective interrogation volume compared to that of the fluorescing region 
due to the sharp electric field profile and the two-photon ionization process. 
Conversely, with optical detection, one collects photons from the entire 
illuminated volume. To better understand the system, we quantitatively 
reproduce the electric and optical signals based on a microscopic mathematical 
model[13] and estimate the dimension of the effective detection volume for the 
two detection methods. The model potentially allows us to predict the densities 

of NV centers as well as optically inactive impurities [such as substitutional 

nitrogen atoms (P1 centers)]. 
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Photoionization within diamond. 

Figure2 summarizes optical and spin transitions at the 51mT and the GSLAC 
point. Under sufficient optical illumination, defects inside semiconductor material 
can be ionized, thereby producing charge carries that move towards electrodes 
under electric field[15, 16]. Figure2 (a) illustrates the photoionization of NV 
centers and P1 centers. The photoionization cycle of NV centers in diamond is 

spin-dependent[14]. Incoming photons with the energy of 1.94eV or higher, can 
be can lead to photoionization via two photon process of the NV center 3. In the 

first ionization step, the electron of the NV promoted to the excited state can 
decay either radiatively back to the ground state or non-radiatively into the 
long-lived metastable singlet state (intersystem crossing, ISC). The excited NVs 
can be further promoted to the conduction band by absorption of a second 

photon. Under an applied electric field, the electrons can freely travel in the 

conduction band and can finally be collected. Photoionization changes the NV 
charge state from NV− to NV0. The recovery of the NV− center by back conversion 

from NV0 can be induced by two-photon excitation of the NV0 center and capture 

of an electron from the valence band[3]. Recently, it has been suggested that 
this process can also be accomplished by a single photon[14, 17]. The dynamical 
cycling between the two charge states is enabled by optical excitation with 
wavelengths shorter than the zero-phonon line of NV0 [16], in particular, the 
energies > 2.6eV are needed for that step. Thus, two charge carriers are 

produced within one cycle: one electron during ionization and one hole during 
NV− recovery[3]. This dynamic charge circulation enables photoelectric readout 
of NV centers. Photoionization inside diamond lattice can involve also other 
defects, e.g. P1 centers. The electrons from P1 centers can be promoted to the 

CB directly via one-photon ionization [Fig.2 (a)][5, 12, 16]. These generated 
charge carriers lead to a background photocurrent signal [Fig.2 (a)]. 

As discussed above, the photoinduced current in ensemble experiments involves 
the signal produced by both NV and P1 centers. Identifying individual 
contributions of the two types of defects, would provide additional information 
useful for optimization of photoelectric readout. Towards this goal, we explored 
the sharp features in the magnetic-field dependence of both the PC and PL 
signals, corresponding to the GSLAC and other B-field regions with enhanced 
cross-relaxation. These are identified as being due to NV-NV[18] and NV 

interactions with other spins such as those of P1 centers. Some of these features 
detected optically have already been discussed in Ref.[19]. In Fig.2 (b) we 

present normalized PL and photocurrent signals as a function of the applied 
magnetic field under various powers of the green laser light. This figure gives an 
overview of the changes in the spin contrast and the resonance linewidth, of the 
cross-relaxation and anticrossing features. Note that the contrast is defined as 
(signaloff − signalon)/signaloff. A remarkably sharp feature around 102.4mT, 

indicates the GSLAC which occurs when the Zeeman shift of the |ms = −1i 
component equals to the zero-field splitting[11, 20]. At around 51.2mT, the 
observed features correspond to cross-relaxation between the NV center and P1 

 

3 If the photon energy is higher than 2.6eV, an electron can be promoted from the ground state (3A2) 

directly to the CB[14]. 
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centers [20–24], where these two defects can exchange energy due to resonant 

transition frequencies[21]. The feature that appears near 59mT corresponds to 
cross-relaxation between on-axis (along z) and off-axis NVs. The sharp GSLAC 
and relaxation features can be used for detecting electron spin resonance (ESR) 
with ODMR by tuning the static external magnetic field[22]. In our work, we 

show the first electric-readout demonstration of ESR that can be used for both 
spin-system characterization and sensing. 

From Fig.2 it is clear that the observed magnetic features show different 
dependence on the light power in the two detection methods. As concerns the 
PC readout, both the initial drop [the slope between 0 and 30mT, see Fig.2 (b)] 
and the GSLAC feature [Fig.2 (c, middle)] increase in magnitude and also their 
spectral resolution gradually increases under stronger laser excitation, while 

they remain nearly constant in PL readout. One reason is the photocurrent 
background from the non-NV defects photoionization which adds a constant 
photocurrent background, therefore also reducing the spin contrast. Because the 
NV-related features come from twophoton processes while the P1 centers 
responsible for the background are ionized with a single photon, the contrast of 
the measurement improves at higher light powers. Also, the local spin 

environment can be altered with the application of green light as discussed in 
Ref. [17]. Currently, it is not known whether such changes will affect the PL and 
PC readout in the same way. Furthermore, such effects could also account for 
the narrowing of the GSLAC features (in both methods) in the presence of light, 
see Fig.2 (c, bottom), due to depopulation of interacting spins (P1s) in the 
vicinity of NV centers, since more and more impurities are photoionized. This 
might also explain why the shape and the linewidth of the crossrelaxation 

feature at 51 mT, see Fig.2 (b), stays nearly the same if observed via PC 
detection. Interestingly, at the same time, the contrast reduces in the PL signal 
for feature at 51mT with increasing the laser power. We note also that the NV-
NV cross-relaxation feature at 59.5mT and the satellite features around GSLAC, 
which are prominent in PL have a much lower contrast in PC. The contrast in PL 
detection on the NV-NV feature accounts up to 2% at low laser power and 
decreases to 0.7% at higher laser power. For PC, the contrast is too low 

(<0.1%) to be quantitatively determined over the entire light-power range. For 
completeness, we point out the ratio of the PL contrasts of the NV-NV to NV-P1 
features changes from 0.4 at low light power to 0.22 at high power. The 
difference in background signals in the overall measurement with the two 
methods does not fully account for the specific observation here. Understanding 

the reasons for these behaviors will be the subject of future work. 
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FIG. 2. PC detection vs magnetic field under various laser power. (a) The 

conventionally assumed photoionization mechanism of NV and P1 defects in 
diamond (an alternative mechanism has recently discussed in Ref.[14]. Charge 

and spin initialization is carried out via 532nm laser excitation (amber arrow). 
The red arrows denote non-radiative decay of electrons to the metastable states 
or the neutral state (NV0). ISC: Inter-system crossing. CB: conduction band. VB: 
valence band. e−: electron. h+: free hole. (b) PC (left) and PL (right) signal as a 

function of magnetic field. The PC and PL signals were monitored while the 
magnetic field was scanned from 0 to 110 mT in 5 s. The green laser beam of 
various powers is modulated and the PC is synchronously detected with lock-in 

amplifier. The data are normalized to the signal value at zero field. The laser 
power is indicated in corresponding colors in the legend. For visual clarity, the 

traces in the right figure are manually shifted. The electrical potential applied to 
the electrodes is 17V. (c) Obtained parameters (contrast and/or full width at half 

maximum (FWHM)) for the features of cross relaxation and the GSLAC with 
photoluminescence (solid circles) and PC (solid triangles) readout as a function 

of the green laser power 

To compare with the experiment, we calculate the PC and PL signal in the given 
experimental conditions and geometric configuration, taking into account the 
cross section of the Pl emission, photoionization thresholds, optical saturation, 
etc.[14]. The rate values are taken from the published data calculations that 
have been verified by comparing the PL and PC traces for different laser 
powers[13]. Figures 3(a) and (b) show the predicted and measured laser-power 

dependence of the total PC and PL. Whilst the PC dependence is predicted to be 
saturation free, in accord with previous models[5], PL should saturate due to the 

limit imposed by the lifetime of NV− excited states and shelving into metastable 
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singlet states. The small deviation from the experiment can be accounted for by 

the shadowing of the diamond by the electrodes, so effectively the power 
density is reduced. Figure 3 (c) illustrates the simulated PC and PL signals 
originating from the NV centers at different depths below the surface where 
laser spot and electrodes are. The local contributions are indicated with blue and 

red shaded area (in arbitrary units). It is clear that 90% PC signal comes from a 
region within 0-30µm in depth where the NV centers experience sufficient both 

optical excitation and electric field to drive the charge carriers towards 
electrodes. While photoluminescence is produced throughout the diamond slab 
and detected once photons get out of the diamond chip, the photocurrent only 
from the high E-field region beneath the contact is detected. Based on the 
simulations, we estimate the ratio of effective interrogation volumes of PC to PL 

detection to be on the order of 1:20. 

Electrical-readout magnetometer.  

The B-field dependent relaxation at GSLAC can be used for a realization of a 
microwave-free magnetometer. The principle of PL detection at the GSLAC is 
introduced in Ref.[20]. Here we extend our approach to photocurrent readout. 
We apply an alternating magnetic field in addition to the bias field, and the 
fluorescence signal is demodulated in a properly phased LIA. The derivative 
signal, corresponding to the changes of the GSLAC slope with respect to the 

applied alternating B-field is shown in Fig.4(a) with a modulation frequency of 
3.3kHz, and a modulation depth of ≈0.1mT which we select to be smaller than 

the FWHM. Around the GSLAC feature, the derivative signal depends 

approximately linearly on the magnetic field and can therefore be used for 
precise magnetic field measurements. The alignment and laser power were 
optimized to maximize the slope and the sensitivity of the magnetometer. The 
data near into magnetic field (calibration). Then the background magnetic field 
is set to the center of the GSLAC feature the zero-crossing are fit with a straight 

line to translate the LIA output signal (102.4mT) where the magnetometer is 
maximally sensitive to external magnetic fields. The sensitivity of the 
magnetometer can be deduced from the noise in the LIA output and the 
calibration. 

 

FIG. 3. (a). Calculated (orange) and Experimental (green) PC signal vs laser power. (b). 
Calculated (Orange) and Experimental (Green) PL signal vs laser power. (c) Calculated 

accumulated PC (black) and PL (red) signal as function of penetrating depth into diamond chip. 
Blue (red) shaded area indicates local contribution to the PC (PL) signal in arbitrary units. 
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For noise measurements, the LIA output is recorded for 1s. The data are passed 

through a fast Fourier transform as displayed in Fig.4(b), from which we can 
establish the noise-floor and the sensitivity spectrum. For comparison, similar 
data are collected for both PC (blue) and PL (red) detection, at a magnetic field 
of the GSLAC and also around 80mT (black for PC and green for PL). The on-

resonance noise floor is flat at around 350nT/√Hz and 90nT/ Hz, respectively. At 

a field that is away from the GSLAC, the setup is insensitive to magnetic field 
variations and the data can be used to understand the technical noise level of 
the magnetometer. The off-resonance noise floor is flat at around 350nT/√Hz 

and 30nT/√Hz, respectively. In the case of PC detection, the collection rate for 

electrons is significantly lower than the photon collection rate in the PL detection 
due to the mismatch of the interrogation volume, which decreases the signal to 
noise ratio. As mentioned, in the present geometry, the effective interrogation 

volume for PC detection is smaller than that for PL by a factor of 20, thus the 
electric-readout magnetometer would outperform a PL-based magnetometer in 
magnetic sensitivity per detection volume. According to the simulation, most of 
the incoming light penetrates to the diamond bulk and does not contribute to 
photocurrent generation, e.g. the large part of the photons (90%) is not 
effectively used. This can be improved by optimizing the focusing geometry and 
the diamond material. 

Another factor that negatively affects the PCmagnetometer sensitivity is the 
background signal produced by other defects, such as P1 centers[5], which in 
our case reduces the contrast by a factor of 10 (see Fig.2). Incorporating a red-
laser probe and two-color protocol would reduce this background and improve 
the magnetic sensitivity[13]. Note that the NV-diamond sample used here had 

been used previously for the first demonstration of a microwave-free 
magnetometer [20] that achieved√6nT / Hz noise level. As compared to [20] a 

portion of the laser light is blocked by the electrodes. Improving the efficiently 
used photons and the spin contrast would increase the sensitivity. The main 
focus of this work is to demonstrate an electrical-readout NV-based 
magnetometer and to discuss the underlying physics and potential routes for 
improvement, the sensitivity will be optimized in future work. 

Summary and outlook. 

The experimental results presented in this paper demonstrate electrical detection 
of cross relaxation processes involving NV centers in bulk diamond. We also 

report calculated results based on a model[13] that quantitatively describe and 
explain the experimental data. We anticipate this method, with careful and more 
sophisticated modelling[13], can be employed for quantitative measurement of 
photogenerated carriers, which offers a tool to determine of the concen-trations 
of various defects, including optically inactive P1 centers, paving the way for 
characterizing local environment information inside diamond lattice. 
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FIG. 4. (a) Demodulated PC signal as a function of axial field along the z-axis while modulating 
the magnetic field. (b) Magnetic field noise spectrum. The red (blue) line indicates the noise in 
the magnetically sensitive configuration at a magnetic field of 102.4mT for PC(PL) detection, the 
black (green) line indicates a PC(PL) noise in the magnetically insensitive configuration (bias 
field ≈ 80mT). The vertical dot line indicates the bandwidth of the magnetometer. 

We demonstrate a photoionization-based microwavefree magnetometer based on 
the GSLAC, which, to the best of our knowledge, is the first demonstration of 
electric-readout NV magnetometry that provides an alternative to conventional 
NV-based magnetometers and potentially overcomes some of their limitations. 
These results open the door to a number of intriguing future directions. First, the 
electrical readout is compatible with nanoscale electrode structures[10], enabling 

advances towards integrated large-scale diamond quantum devices. It can be 
utilized to build scalable sensor arrays[12] and microscopes potentially superior 
to existing diamond quantum microscopes[25, 26] in terms of resolution. 
Second, it can be used to build hybrid gradiometers taking advantage of the 

sensing volume mismatch of PC readout and PL detection. The small sensing 
volume of the PC detection allows for high spatial resolution while the large 
sensing volume of the PL detection provides a background measurement in close 

proximity. Third, while the present studies are focused on diamond, we 
anticipate comparable behavior in other wide-bandgap semiconductors of 
technological importance.  

Although we observed the magnetic resonances using red laser light (see the 
supplementary) that excludes the dominant current signal associated with the 
ionization of P1 centers, we still find a smaller GSLAC contrast[13] for 

photocurrent measurements in comparison with optical detection. Further 
studies are necessary to reveal the sources of the remaining background 

photocurrent.  
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APPENDIX 

 A. Experimental setup 

Figure1 shows a schematic of the experimental setup. The apparatus includes a 
custom-built electromagnet. The electromagnet can be moved with a 
computercontrolled 3-D translation stage (Thorlabs PT3-Z8) and a rotation stage 
(Thorlabs NR360S, x-axis). The NVdiamond sensor is placed in the center of both 

the magnetic bore and a pair of integrated Helmholtz coils along the z-axis. The 

diamond can be rotated also around the z-axis. This provides all degrees of 

freedom for placing the diamond in the center of the magnet and aligning the NV 
axis parallel to the magnetic field. 

The light source is a solid-state laser emitting at a wavelength of 532nm (Laser 

Quantum Gem 532). The green laser light propagates through an acousto-optic 
modulator (AOM) and can be modulated by turning first-order diffraction on and 
off. The PL emitted by the diamond sample is collected with a 50-mm-focallength 

lens and detected with a photodetector (Thorlabs APD36A). 

 B. Diamond sample 

The sensor is constructed with a single-crystal [111]cut (2.1 × 2.3 × 0.65) mm3 

diamond, synthesized using a high-temperature high-pressure (HPHT) method. 
The initial nitrogen concentration of the sample was specified as <200ppm. To 

produce NV centers, the sample was electron-irradiated at 14MeV (dose: 1018 

cm−2) and then annealed at 700◦C for three hours. The resulting NV centers are 

randomly oriented along all four {111} crystallographic axes of the diamond. 

The electrodes for the photoelectric readout were fabricated by means of optical 
lithography. Prior electrode fabrication the diamond sample was cleaned in 
oxidizing mixture of H2SO4 and KNO3 at ∼250◦C for approximately 30 minutes, 

after which it was rinsed in deionized water. The electrode structure was placed 
on the top surface of the diamond. Shape of the electrodes are coplanar 
interdigitated contacts with a gap of 5µm. The metal stack composition is 20nm 

titanium covered by 100nm aluminum for wire bonding. The electrodes are 
bonded to the sample holder (carrier PCB) by a 25-µm-thick aluminum wire. 
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7. Chapter 7 - OSCAR-QUBE: Integrated 

diamond-based quantum magnetic field 

sensor for space applications 

Authors contribution: I was main author of this proceedings paper as well as 
team leader, system engineer and project manager of project OSCAR-QUBE. I 
contributed at each step of this paper and realization. This paper and the work 
done within the OSCAR project series represents the exploration of the 

application potential of this technology in the harsh space environmental 
conditions. 
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Abstract 
The diverse application opportunities, high sensitivity, precision and the enabling 
of various measurement protocols have raised the attention of novel quantum 

sensing methods. One of the promising quantum sensing platforms nowadays is 
the nitrogen-vacancy (NV) centre, an opto-magnetic defect located in the 
diamond’s crystalline lattice, that can be exploited as a solid-state qubit at room 

temperature. The combination of diamond and NV centres make it an ideal 
candidate for magnetic field sensing in harsh conditions as well as a 
steppingstone to bring quantum technology to everyday use, with numerous 
applications in the field of geophysics, healthcare, and aerospace. The OSCAR-

QUBE team consists of 13 interdisciplinary students who developed a portable 
NV-diamond based quantum magnetometer for space applications. The project 
was selected for the ‘Orbit Your Thesis!’ programme organised by the European 
Space Agency in April 2020. With this the team had won the opportunity to send 
their device to the International Space Station (ISS). In September 2021 the 
device was successfully commissioned onboard the ISS. This work aims to 

describe the results of the OSCAR-QUBE mission, which is proving the viability of 
this novel technology in a space environment, by collecting magnetic field data 
in Low Earth Orbit in order to construct a magnetic field map of the Earth. The 

mailto:jaroslav.hruby@uhasselt.be
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sensor is installed inside of the ICE Cubes Facility, in the Columbus module in a 

form factor of 1U, weighing 420 grams, with a power consumption of 5W. The 
target sensitivity for this demonstration is 1nT with a dynamic range of up to 
1mT, together with pulsed measurement protocols allowing for improvements in 
sensitivity and enabling novel sensing techniques. This mission is a 

steppingstone in moving the boundaries of current day sensing technology 
enabling further space exploration but also in the process of paving the way 
toward everyday quantum applications. Addressing the challenges of a wide 
range of applications in space and on Earth, such as the measurements of bio-
potentials, space weather monitoring, navigation, mineral exploration, or 
onboard sample analysis. This student made magnetometer aims towards 
becoming a beacon of inspiration for the next generation of young science and 

engineering students. 

Keywords: NV centre, diamond, magnetometry, ISS, ‘Orbit Your Thesis!’, 
quantum sensing 

1. Introduction 
The emerging field of quantum sensing has become a distinct and rapidly 
growing branch of quantum science and technology. While opening new horizons 

in terms of high sensitivity, wide dynamic range, and precision, it is enabling 
novel measurement protocols and bringing new possibilities to view the world 
around us. Nowadays, various physical quantities can be measured by means of 
quantum sensing, for example time and frequency, temperature, pressure, 
electric or magnetic fields. [1] 

Historically the challenge of quantum systems often lied in the requirement of 
cryogenic temperatures for its operation, leading to their bulky size (i.e., 

SQUID)[2] limiting its portability and application potential. One of the intriguing 
quantum platforms addressing the portability issues is the nitrogen-vacancy 
(NV) centre, an opto-magnetic defect located in the diamond’s crystalline lattice 
which can be used in next-generation magnetic field sensors. The NV centre-
based magnetometers can operate in room temperature and the smallest 
sensing unit is a single NV centre enabling significant miniaturization potential. 
[3], [4]  

Project OSCAR-QUBE (Optical Sensors based on CARbon materials: QUantum 
BElgium) is a team of 13 interdisciplinary students of science and engineering 

that developed a portable diamond-based quantum magnetic field sensor. The 
project was selected in the framework of the ‘Orbit Your Thesis!’ educational 
programme [5] in April 2020 by the European Space Agency to develop an 
experiment that will map the magnetic field of the Earth onboard the 

International Space Station (ISS). The instrument was successfully launched and 
has been operational since September 2021. It will operate over the course of 
10 months onboard the ISS. Magnetometers have a wide range of terrestrial 
applications, such as bio-signal measurements navigation, mineral exploration, 
or sample analysis. In the field of aerospace, magnetometry can be used to 
determine the attitude of the aircraft or spacecraft. They can also be used for 
spacecraft in-flight analysis, or for scientific applications such as space weather 

monitoring, planetary observation, or space exploration. [6]–[10]  
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The measured magnetic field in Low Earth Orbit (LEO) is a complex 

superposition of fields [11] produced by multiple phenomena. They can be 
internal (originating from Earth), such as planet core activity, the lithospheric 
movements affecting distribution of ferromagnetic rocks, and significant 
concentrations of iron ore in the soil; or they can be external, such as space 

weather and artificial fields from onboard spacecraft itself. All of the individual 
sources can be characterized by different temporal and spatial scales, which can 
be used to distinguish between them. [12], [13] 

1.1 NV centres overview and fabrication 
Diamond can contain a variety of defects in its crystalline lattice. One of them - 
the NV centre can be exploited as an opto-magnetic probe, enabling diamond-
based magnetometry. It consists of a nitrogen atom (N) coupled to a vacancy 

(V) and have been described to this day in two configurations (see Fig. 34a) - a 
neutral state NV centre (NV0) and a negatively charged state NV centre (NV−). 
The properties of these two variants differ from each other significantly, and 
only negatively charged NV centres can be used in magnetometry as the 
principles of operation are based on the spin dependent dynamics of the single 
electron. [3] The NV centres are a solid-state quantum magnetic probe with high 

spin coherence, facilitating magnetic field sensitivities theoretically down to ~50 
fTHz-1/2. [3], [14]  

The NV centres can occur in the diamond naturally, but for purposes of quantum 
sensing they are specifically engineered. One of the possible ways to fabricate 
samples with a high density of NV centres, requires type 1b diamonds. [15] 

These diamonds contain nitrogen impurities in concentration levels reaching up 
to 0.3%. [16] The NV centres are fabricated by irradiating the 1b diamond with 

electrons, after which annealing step is performed. The sample is heated to the 
annealing temperature which stimulates migration of vacancies towards 
substitutional nitrogen leading to formation of the NV centres. [17] This is 
typically done at temperatures ranging from 800°C to 2000°C, while pressures 
range from vacuum to 8 GPa. [16], [18] 

1.2 Optically Detected Magnetic Resonance 
The electron of an NV centre exists in a spin-triplet ground state (see Fig. 34b). 

It features three magnetic spin states, ±1 and 0. An electron residing in the 
ground state (3A2) can be excited to an excitation state (3E) by a green (532 
nm) photon. When the electron degrades back to the ground state, this 

coincides with the release of a red (637 nm) photon. Under stable conditions, 
this emission of red photons is constant and resistant to photobleaching. By 
applying a microwave (MW) field of resonance frequency (f0) to the NV centres, 

the electron with positive-negative (ms=±1) spin can perform a transition via 
the metastable state (1A). This transition is non-luminescent and is enabled by 
the MW providing sufficient energy to the electron for transition through the 
metastable state, resulting in a decrease in the red luminescence (see Fig. 34c). 
The resonant frequency f0 in standard conditions is 2.87 GHz.[3], [14], [19] 
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Fig. 34. a) NV centre atomic structure in diamond lattice b) Energy level diagram 
of the negatively charged NV centre, showing transitions responsible for ODMR 

and PDMR contrast. c) Schematic representation of detected signal upon green 
light excitation, after application of microwave field, and splitting caused by an 

external magnetic field 

The optical readout technique for NV spin utilizes the red photoluminescence 
light being released from the NV− during their excitation. A green laser is 
typically used to drive the excitation process. The intensity of the red photon 
release provides details on the spin states of the electron triplet ground state 

within the NV−. [20] This method is called Optical Detection of Magnetic 

Resonance (ODMR). [3], [14], [21] 

1.3 Photoelectrically Detected Magnetic Resonance 
A recently published alternative method for addressing NV centres is called 
Photoelectric Detection of Magnetic Resonance (PDMR). [22] It relies on the 
photoelectric readout principle, where a two-step photoionization process excites 
electrons of the NV centre to the conduction band, where they can be detected 

as a photocurrent. This working principle can be seen in Fig. 34b.  

The main advantage of the PDMR technique is a higher collection efficiency and 
the absence of the optical detection path. This is leading to improvement in 
sensitivity and further miniaturization of this technology. To enable the 

photocurrent readout, electrodes are fabricated on top of the diamond surface 
by means of optical lithography. Relative to ODMR, the photon-collection process 

has limited efficiency due to photons being emitted in all directions, allowing 
only a small portion to be effectively collected by the photodetector. On the 
other hand, the PDMR saturation is defined by the time needed for 
recombination to occur in the charge carrier. This leads to enhancements in the 
detection rates for PDMR based measurement techniques. The improvement of 
the detection rates adds up to ≈ 2.5x102 times that of ODMR. [23] For the 
linewidth, PDMR is dependent on the spin coherence properties of the diamond 

sample itself. [22]–[24] 
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1.4 NV based magnetometry  

When an external magnetic field is applied to the diamond with NV centres, 
Zeeman splitting effect occurs. Besides the magnitude of the spin (0; 1), the 
direction (0; -1,0,1) also becomes relevant. Microwaves can now be used to 
bring the spin-zero system either to a spin |+1> or |-1>. The two resonances 

can now be observed in the spectrum (see Fig. 34c). The observed splitting 
corresponding to Δf is linearly proportional to the magnetic field applied. The 
magnitude of the magnetic field along the NV axis can be determined by the 
equation below: 

    [25] (5) 

Where γ is the gyromagnetic ratio, B is the applied magnetic field and V̂ stands 

for the unit vector of each one of the NV-axes. 

NV centres can occur in four different directions, defined by the tetrahedral 
structure of the diamond lattice. The four directions form an overcomplete basis, 
wherein the direction of each crystallographic unit vector is purely determined 

by geometry and can be precisely specified. This means that diamond-based 
magnetometers are intrinsically vectoral in nature and can be used to determine 
the 3D magnetic field. The NV centres are situated along not just one, but four 
directions, which means that a properly split resonance spectrum will contain 
eight resonances. The magnetic field sensitivity of the continuous wave (CW) 
measuring method can be determined by the equation below: 

   [3] (6) 

where ge = 2.003 is the electronic g-factor of the NV centre, ν the linewidth, CCW 
the contrast, and R the photon (or electron) detection rate. 

Fundamental limitations are placed on the sensitivity by the quantum noise 
linked to spin projection. This characteristic is shared by all spin-based 
magnetometers and is caused by the statistical nature of quantum 

measurements. PDMR provides some advantages in this case, since photon shot 
noise adds to spin projection noise when the readout is performed optically. The 

CW sensitivity has not yet reached the fundamental spin projection limit and 
higher sensitivities are conventionally acquired using pulsed approaches. 

1.5 Pulsed magnetometry 
Pulsed magnetometry can enable more advanced quantum operation modes 
[26]. There exist a variety of possible pulse sequences, enabling nearly T2*-

limited measurements by avoiding the power broadening of the spin resonance 
spectrum recorded. Separation of the laser spin polarisation pulse and the MW 
spin driving pulse allows achieving a high spin contrast and using various spin 
manipulation and readout protocols enabling an increase of the detection 
sensitivity by measuring phase changes in the spin precession.  
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Fig. 35. Comparison of continuous wave (CW) and pulsed ODMR. The advantage 
of the pulsed method is higher contrast and narrow line width due to the power 

broadening mechanism.  

A simple pulse sequence is called Pulsed ODMR and is shown in Fig. 35. As the 
laser and microwaves are no longer used in parallel, higher optical intensities 
can be used without significant reduction of the contrast. Together with a 
reduction in linewidth, this increases the sensitivity as compared to CW ODMR.  

Two other elementary pulse sequences are the Ramsey and Hahn echo schemes, 

both are aimed at different applications. They are both based on the 
measurement of the phase accumulation of the electron spin with respect to its 

initial spin-zero state, which is proportional to the ambient magnetic field. The 
Ramsey scheme is typically used to measure DC fields; simultaneously present 
AC fields are not picked up, as the positive and negative contributions of these 
fields approximately cancel each other out. The Hahn echo sequence features an 
extra pulse as compared to the Ramsey scheme, which allows for phase-
sensitive lock-in-type measurements of AC fields. This frequency-locking 
technique can help in the differentiation and decoupling of two or more signals. 

To further improve equivalent noise bandwidth and to decouple two signals of 
similar frequency more advanced methods such as CPMG or xy8 can be 
implemented. 

2. Material and methods  

For its ten months mission, our instrument is located onboard of the ISS since 
September 2021. More specifically, installed inside the ICE Cubes Facility (ICF), 

which is in the EPM rack of Columbus module (see Fig. 36b). The ICF provides 
the OSCAR-QUBE device with housing, electrical power to operate and Ethernet 
connectivity for the transfer of acquired Earth’s magnetic field to the ground 
station. The device has form factor  
of 1U cube (10x 10 x 10 cm). 

2.1 System overview 
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Fig. 36. a) Global system overview b) Reference frames of the OSCAR-QUBEs 
respective location onboard the ISS 

The cube is mounted to the ICF via the DB13WB3 connector, providing our 
magnetometer with +5 V, +12 V and an Ethernet interface. After the data 
packets are transmitted, it is routed through the Ice Cubes Mission Control 
Centre (ICMCC) in Zaventem, Belgium towards the User Home Base (UHB), 

located on the premises of research institute IMO-IMOMEC (UHasselt). The 
connection to the ICMCC network is through a secure VPN tunnel. Once 
connected, the ICMCC will act as a relay station between the OSCAR-QUBE 
onboard the ISS and the UHB 

2.2 System layout 
The experiment can be viewed as a set of interconnected subsystems (shown in 

Fig. 37), designed for diamond quantum magnetometry are laser, microwave, 
and readout subsystems, accompanied with power distribution, and control 
subsystems required for the autonomous operation onboard the station. And 
reference subsystem for status monitoring and further data analysis. 

The power subsystem handles the power conversion and power management 
within the system and provides galvanic isolation from the ICF. It transforms the 
voltages provided by ICF to suit the needs of the rest of the system. 
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Fig. 37. System layout with an overview of the individual subsystems 

The control subsystem’s task is to manage the low-level communication between 
subsystems, facilitate the data acquisition, data storage and packetization, 

system operation and communication with the UHB. The control subsystem 
consists of a microcontroller unit (STM32F7, STMicroelectronics) and FPGA (Artix 
A7, Xilinx) which is used for advanced pulsed measurements. Another important 
part of the control subsystem is the SD-card which is used for temporary data 
storage to prevent the data loss during a Loss of Signal (LOS) period. 

The reference subsystem consists of a series of sensors to measure parameters 
related to the environment and system monitoring, such as the temperature of 

the MCU and of the laser. To monitor the environment, an accelerometer and 
gyroscope (LSM6DS33TR, STMicroelectronics) are used to detect possible shocks 
or vibrations in the vicinity of the instrument. Lastly, the reference 
magnetometer (LSM303AGRTR, STMicroelectronics) is also part of the reference 
subsystem to have a baseline comparison for the data measured with the 
developed system. 

For excitation of the NV centres in the diamond sample the laser subsystem is 

used. The laser is a 532 nm laser diode (L520P50, Thorlabs) that is controlled by 
a laser driver (IC Haus, IC-NZN QFN24-4X4). To adjust the laser output power, 

a programmable resistor is interfaced with the laser driver providing the 
possibility to control this system remotely, allowing adjustment of the 
parameters onboard the ISS. To enable the advanced quantum operations the 
laser subsystem can be modulated by TTL signal from the control subsystem. 

After excitation the NV centre transition is driven by microwave fields of 
sweeping frequency synthesized by the microwave subsystem. The frequency 
range of the microwave signal generated by a programmable PLL (ADF4351, 
Analog Devices) is between 2.6 and 3.2 GHz, with power output ranging from -
31.5 to +25 dBm, adjustable by attenuator (HMC624, Analog Devices). This 
subsystem is equipped with a microwave switch (M3SWA-50_DRB+, Minicircuits) 
opening the possibility of pulsed operation. 
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The readout subsystem was designed to enable both readout methods – ODMR 

and PDMR at the same time. The optical readout subsystem collects the red 
photons emitted from the diamond by a photodiode. The red-light signal is then 
amplified and acquired by Analog-Digital-Converter (ADC, ADS8691, Analog 
Devices). The photoelectric part of the readout subsystem collects the 

photocurrent originating directly from the NV centres via electrodes fabricated 
on the diamond surface. The photoelectrons are collected, and analogically to 
the optical readout, amplified and digitized. The optical path allowing the 
readout is described in the chapter below. 

2.3 Laser focuser and photodiode housing 
For optimal focusing of the laser beam at the diamond sample, and collection of 
the signal coming from the NV centres an optical path composed of a laser 

focusing unit and photodiode housing was designed (see Fig. 38a). This system 
allows accurate micrometric adjustments of the beam positioning, which is 
essential for focusing the green excitation light between a pair of line electrodes 
with a gap of 5 µm (see Fig. 38b). All the mechanical parts of the optical path 
were designed by the team to maintain the small footprint of 30 x 18 mm. The 
laser focuser part consists of two lenses - collimation lens (CAY046, Thorlabs) 

and focusing lens (APL0303, Thorlabs). The first is to collimate the laser beam 
and the second to focus the beam onto the diamond between the electrodes. 
The collimation lens is adjustable in Z direction. The focusing lens is adjustable 
in X, Y and Z direction. 

 

Fig. 38. Schematic representation of the diamond magnetometer (up) optical 

path and (bottom) sample with antenna and electrodes fabricated on the surface 
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The red emission light from diamond is collected by the photodiode with an 

integrated lens (S5973-01, Hamamatsu) mounted in the housing. This part is 
built out of a collection lens (APL0303, Thorlabs) and a cut-off filter (FELH0650, 
Thorlabs) to filter out the unwanted wavelengths out of the signal which is 
collected by the photodiode. 

2.4 Diamond sample 
The core of the quantum magnetometry system is a diamond sample. The 
quality and characteristics of the diamond directly determines the performance 
of the system. In this work a CVD grown, electron irradiated single crystal 
diamond with [100] orientation (Element Six) is used. The substrate dimensions 
are 2.6 x 2.6 x 0.4 mm and high NV concentration (2 ppm). The sample is 
equipped with electrodes and a microwave antenna fabricated on top of the 

diamond surface by optical lithography. The electrode pair used for photoelectric 
readout consists of two parallel lines separated by a gap of 5 µm (see Fig. 38b). 
The microwave antenna enables direct application of the microwave field to the 
sample, which minimizes the losses in field strength and improves the signal 
contrast. 

2.5 Magnetic field calculation from NV centre signal 

The direction of the magnetic field vector is important information in 
determining the magnetic field source(s). The incoming magnetic field in the NV 
reference frame has to be expressed in respect to the reference frame of the 
ISS. Since the location of the OSCAR-QUBE device within the ISS reference 
frame is known (see Fig. 36b), using linear algebra, the NV-axes can be 

expressed in the ISS reference frame. To get the components of the magnetic 
field measured by our device, a system of equations needs to be solved in which 

formula X is generalized to include all four NV-axes. This matrix equation is 
shown below. 

  (7) 

By solving this matrix equation, the components Bx, By, and Bz can be 
calculated. With this information, a magnetic field around the earth can be 

reconstructed. [25] The result can afterwards be matched with positioning and 
attitude data of the ISS to express the magnetic field vector in a local coordinate 
system. This method allows the exact determination of the vector magnetic field 
orientation. 
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2.6 Testing and environmental requirements 

To develop an instrument capable to withstand space conditions (such as launch, 
or microgravity) while being safe for the operation onboard the ISS, various 
requirements must be met. The mechanical and structural stability, compliance 
with EMC/EMI standards, surface temperature limits, and compatibility with 

existing interfaces were the main subjects of testing. The testing was done in 
multiple locations and test centres. The thermal and vacuum testing was done at 
the Hasselt University (Belgium), EMC/EMI tests at KU Leuven (Campus Brugge, 
Belgium), vibration test campaign was conducted at ESA ESEC Galaxia (Redu, 
Belgium) and the interface tests at Space Application Services (Zaventem, 
Belgium) 

3. Experimental part 

The development of the instrument was done in two stages –test bench 
development phase and protoflight model (PFM) development phase. The test 
bench model approach was chosen to develop and test all the subsystems before 
the integration to one system, to reduce the complexity during the development. 
Each subsystem developed for testbench had its own MCU for individual software 
and dedicated libraries development. This approach proved to be efficient in 

terms of failure analysis and parameter optimization, as well as reducing the 
time of software development.  

All the PCBs were designed using the Altium software suite and assembled by 
the team. The aluminium structures of the enclosure and the laser focuser with 
photodiode housing were both designed in Autodesk Fusion 360 and 

manufactured at the university workshop. After subsystem optimization and re-
iteration period on the testbench, protoflight development phase was initiated. 

In this phase all the subsystems were combined into a single closely integrated 
system that could be controlled over Ethernet. There were two identical PFM 
models (PFM#1 and PFM#2) developed with the aim to benchmark two different 
diamond samples in the integrated device. The PFM#2 showed to contain sample 
with higher sensitivity. While the PFM#1 became a ground model and subject of 
long-term software stability testing. After the deployment of the final version of 
the software, the PFM#1 was tested for functionality in the period of 4 months 

without interruption to verify the system stability of the minimum mission 
requirement. The PFM#2 was selected to undergo the environmental testing and 
was chosen as the flight model to be sent to the ISS.  

3.1 Operations and automation 
The QUBE is operated from the User Home Base (UHB). This is a desktop 
computer which connected to the system onboard the ISS using a secure VPN 

tunnel, provided by Space Application Services. The data communication 
protocol is UDP due to its smaller header size, reducing the bandwidth use. The 
UHB contains two main parts composing mission control software (MCS). The 
first part is the MCS called ‘Yamcs’. The MCS functions as the backbone of the 
UHB and is designed to receive telemetry (TM) and send telecommands (TC), 
while storing the raw incoming packets and formatting them into ‘human 
friendly’ values. The processed data is then visualized by the second segment of 

the UHB – Graphical User Interface (GUI). The GUI was created as a Python 
script with pyQt5 and is the main access point for the operator to interact with 

the system.  



 

106 

The UHB provides operators with all the commanding and monitoring options 

necessary to control the QUBE. The emphasis was put on the user experience 
and fail-safe operation, allowing all the team members to operate the system 
when needed. The GUI visualizes the incoming TM in a comprehensible format 
which enables the operator to swiftly interpret the data and respond accordingly 

to the events. The operator can issue pre-set TC using buttons of the GUI. 
Additionally, the GUI also contains automated features, such as LOS recognition 
ensuring no data is lost in this period, or during unexpected situations. The LOS 
detection thread is responsible for periodic sending of low volume TC to the 
QUBE. When the connection is not available and no TC will arrive at the QUBE 
for a period of 10s, it will evaluate the situation as LOS and will initiate the 
temporary storage of packets to the SD card. When the device is reachable 

again (AOS, Acquisition of Signal) it will start transmitting the stored packets to 

the UHB. This system ensures no data is lost in case of LOS or other events in 
which the connection with the UHB is lost. In post processing a timestamp 
parameter of the TM data is used to chronologically order the packets.  

3.1 Device testing  
To prove the compliance of the device with the environment and to verify its 

functionality, it underwent a series of tests listed below. 

3.1.1 Magnetic field sensitivity testing 
The magnetic field sensitivity is defined with two parameters, angle of precision 
and the magnetic field strength sensitivity. Both parameters were measured to 
determine the sensitivity of the cube. but first the device had to be calibrated. 

To calibrate the device, ODMR spectra were recorded as a function of various 
magnetic field vectors. The first step in the calibration process was to apply well 

defined magnetic field vectors by 3-axial Helmholtz coil. This fully symmetric 
Helmholtz coil consisted of three parallel coil pairs and was able to produce 
magnetic fields of intensity up to 38µT in each axis. Using the Helmholtz coil 
setup, the NV-axes of the sample were determined by applying different 
magnetic field vectors. This allowed us to verify the 3D magnetometry 
measurements procedure and by varying the current it was possible to describe 
the response of the system to both the AC and DC magnetic field.  

With the device calibrated, the angle of precision and the magnetic field 
sensitivity could be determined. For the magnetic field sensitivity, a Power 

Spectrum Density (PSD) of the measured magnetic field noise is plotted to 
determine the noise floor and thereby the sensitivity. The angle of precision on 
the other hand is determined from the angle deviation that is observed when the 
NV-axis is aligned perpendicular with the magnetic field vector generated by the 

Helmholtz coil. 
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3.1.2 Structural (vibration) testing 

During the launch of the experiment, it was exposed to vibrations and forces 
coming from the rocket. To analyse that the experiment would not be 
compromised due to these forces a set of simulations was performed verify that 
the experiment structure design is well suited for the mission. Among these 

simulations are modal analyses (lowest modal frequency at 244.3 Hz) to give 
insight into how the experiment reacts to vibrations, static stress analyses from 
which margins of safety were calculated (lowest margin of safety 3.62), which 
gave confidence in the structural integrity of the experiment and a stress-life 
fatigue analysis (minimum lifetime of 1 billion cycles) which ensures the 
experiment will not fail due to stress cycling. 

 
Fig. 39. Vibration testing setup at ESA ESEC Galaxia (Redu, Belgium) 

After these simulations had all proven to be positive the experiment was built 
and taken to ESA ESEC which has a facility specifically made for the testing of 
CubeSats. Among the many possibilities there it was possible to do real life 
vibration testing on the experiment. The setup is shown in Fig. 39. During this 

testing the experiment was subjected to the vibration on the shaker test bench, 
which is equivalent to forces on board of the rocket during the launch event. 
With this testing it was proven that the vibrations have no significant impact on 
the safety or functionality of the experiment. The combined results of the real-
life testing and the simulations that were performed show that the experiment is 

very well designed to satisfy the mission requirements. 

3.1.3 EMC/EMI testing 

The EMI/EMC tests were conducted in a semi-anechoic chamber. Which 
functions as a faraday cage covered with ferrite tiles, RF absorbers and is 
equipped with waveguides for cabling to provide isolation from external 
influences on the measurements. The test setups were built according to the 
requirements on E-field and B-field radiated emissions.  
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Fig. 40. EMC/EMI testing 

The E-field Radiated Emission were measured in ranges between 10kHz and 900 

MHz (< 60 dBµV/m), between 1GHz and 10GHz (< 80 dBµV/m) and for the 
frequency notch from 2.2 to 2.4 GHz (< 55 dBµV/m). The test method used for 
verification of this requirement is RE102 from the US Military EMC standard, 
MIL-STD-462. [27] 

The B-Field emissions were tested during all operation modes, AC magnetic field 

emissions measured at 7cm from the Experiment Cube (on all six sides) did not 

exceed the limits in the frequency range 30 Hz to 250 kHz. The emission limit 
was studied at 30 Hz, and measured values did not exceed 140 dBpT, between 
3.5 kHz and 250 kHz the value did not exceed the limit of 85 dBpT. The test 
method used for verification of abovementioned requirements is RE101, from 
the standard MIL-STD-462. [27] 

The E-field measurements were performed in the full compliance with the 
frequency range as specified in the requirements, the B-field measurements 

were only performed between 9kHz and 250 kHz. This limitation was still 
acceptable as the experiment cube does not contain any large inductive loads 
and a requirement deviation was issued. The loop antenna was used to measure 

the B-field emission on all 6 sides. 

3.1.4 Thermal testing 
The OSCAR-QUBE device has to meet all safety requirements when exposed to 
temperatures ranging from +5 to +46.1°C. Furthermore, under all modes of 

operation, the OSCAR-QUBE cannot have external surfaces exceeding a 
temperature of 45.8°C. 

During operation in microgravity, the OSCAR-QUBE is exposed to an 
environment where heat transfer from the device to the air by convection and 
conduction is reduced. The thermal behaviour in a vacuum, where there is no 
convection due to the lack of a medium, was appropriate to simulate thermal 

behaviour of the instrument in microgravity.  



 

109 

The lack of convection limits the cooling efficiency and can lead to an increase of 

temperature. However, while the OSCAR-QUBE instrument is installed in the ICF 
it is cooled by the forced airflow. To verify that the OSCAR-QUBE can function in 
the simulated ‘worst case scenario’ conditions without exceeding its safety 
limits, it was tested in a vacuum of 0.68 millibar at an initial temperature of 

22°C.  

Before operating in a vacuum, a reference measurement was performed in 
ambient pressure at full optical laser output power (~50 mW output laser 
power). The highest temperature on the laser, according to the readout, reached 
40°C. According to the FLIR camera used, the hottest point was 42.7°C. This 
difference can be accounted for by the placement of the temperature sensor and 
by the laser housing acting as a heat sink. The outside of the OSCAR-QUBE 

reached maximum of 28°C.  

Fig. 41 shows a regular image on top with a FLIR image on the bottom with a 
similar perspective. The OSCAR-QUBE was tested in a (medium) vacuum of 68 
Pa.) 

 

Fig. 41. Vacuum test setup for thermal behaviour. Left) a frontal perspective is 
shown to measure the inside temperature. Right) an angled perspective is 

shown to measure the outside temperature.  

After the vacuum tests were concluded, the QUBE was re-pressurized to 
measure the thermal behaviour with the FLIR camera.  
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In Fig. 41, the highest recorded temperature was 64.4°C on the laser housing 

and 60°C on the control board. The highest touch temperature immediately after 
re-pressurization was 38°C. 

3.1.5 Interface testing 

Before launching the instrument to the International Space Station, an interface 

test was done inside the ground model of the ICE Cubes Facility (ICF), an exact 
replica of the device that is installed inside the Columbus module of the ISS. All 
hardware and software functionalities were tested to demonstrate proper 
operation. After a visual inspection, physical inspection, and electrical tests, the 
experiment cube was plugged into the ICF and was powered. The ICF recognized 
the QUBE and was followed by the communications test via the UHB. 

 

Fig. 42. Interface tests on a ground model of ICE Cubes Facility (Zaventem, 

Belgium), left device is a ground model and right device is a flight model of 
OSCAR-QUBE instrument 

Results and Discussion  

The QUBE was launched on the 29th of August and installed on the 2nd of 
September. Upon its commissioning, it started sending real-time data to the 
UHB through the ICMCC relay. After 10 seconds of operation, the QUBE was 
sending the data to the UHB as expected. This behaviour confirmed the 

autonomous (ping) routine of the UHB was executing properly, and the sent 
telecommands could reach the QUBE. The TCs were further validated by 
reconfiguring the settings of the QUBE and confirming the changes using the TM 
data visualised in the GUI. These actions were performed without a noticeable 
delay between issuing the TC and seeing the reaction in the TM data. The ping 
response times were around 800 ms. 
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LOS handling is working as expected. The QUBE automatically detects the loss of 

the pings and initiates the data storage procedure to buffer the TM temporarily 
on the SD-card. Once the AOS is re-established, the device begins to 
autonomously dump the saved data to the UHB. 

4.1 Mechanical results – optical stability 

The system was carefully assembled using the subsystems described before. The 
resulting device is shown in Fig. 43. The system has experienced less than 3% 
of optical signal degradation since the shipping of the QUBE. This can also be 
seen in Fig. 44, the splitting onboard the ISS. 

 

 

Fig. 43. Left) The completely assembled device without the side panels. Right) 
The OSCAR-QUBE is shown in microgravity onboard the ISS during installation 

by Thomas Pesquet (ESA). 

4.2 Thermal results 
From the first days of data that came in it is possible to conclude that we have 
remarkable thermal stability. The temperature of the laser stays between 49.6°C 
and 49.7°C throughout the day. The control board temperature remains 
between 42.2°C and 42.3°C. These temperatures are comparable with the 

temperatures on ground where we have convection to cool the QUBE. This is 
mainly because the ICF has forced airflow which mimics this effect. The results 
are considerably better than the worst-case scenario we tested in the lab. 

4.3 The QUBE ODMR and sensitivity 
To show that the device is capable of performing NV magnetometry onboard the 
ISS, the data of the on-ground testing and the data taken in orbit were 
compared. A single peak from the ODMR spectrum for both the ground data and 

the onboard data can be seen in Fig. 45b. The photoluminescence signal was 
normalised to 1, to compare the difference of each resonance amplitude and line 
width of the experiment before and after the launch event. The resonance 
measured on ground (in the laboratory) has a linewidth of 13.6 MHz and a 
contrast of 1.55 %, leading to sensitivity of a 7.94 nT/sqrt(Hz).  
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The same analysis was done for the resonance onboard the ISS, which gave a 

linewidth of 9.45 MHz, a contrast of 1.81 % and a resulting sensitivity of 3.33 
nT/sqrt(Hz). This comparison shows that the sensitivity onboard the ISS has 
slightly increased compared to its performance on ground. This way we 
demonstrated the performance of the experiment was not affected by the 

mechanical stresses of the launch. 

 

Fig. 44. a) ODMR peaks corresponding to 4 different NV axes measured with 

QUBE onboard the ISS b) Comparison of single peak on ground and onboard the 
ISS c) Power Spectral Density comparison 

Besides the ODMR spectra, it is useful to compare the ground and onboard PSD 
data hinting the system sensitivity. This is shown in Fig. 44c where the 
sensitivity has insignificantly improved while in orbit. This could be due to the 

mechanical aspects of microgravity when the mechanical structure settles and is 
no longer subject to gravity or change in temperature can have a slight effect on 

the optical alignment, and lastly the mechanical stresses during the rocket 
launch.  
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4.4 Magnetic field mapping preliminary results 

 

Fig. 45. Preliminary comparison of magnetic field measurements of 90 minutes. 
On the left measured with NV sensor, on the right measured with reference 

sensor 

A comparison of the NV-magnetometer data and the reference magnetometer 

can be seen in Fig. 45. The NV-magnetometer shows more noise in comparison 
to the reference magnetometer, the detected amplitude of the signal is also 
slightly lower. Both magnetometer data follow the same profile, indicating that 
the change is indeed the magnetic field and not a result of other factors. The 

data is still preliminary and needs further investigation and processing. The X 
axis do not seem to match and the reason will be further studied.  

 
Fig. 46. Preliminary magnetic field map of the Earth measured with the NV 

sensor – vertical field. The map shows 24 hours of measurements. 

The map shown in Fig. 46 is a preliminary visualization of magnetic field map of 
the Earth that is obtained using the ODMR magnetometry from our QUBE. The 

data was obtained over the course of 24 hours, which are typically up to 16 
orbits around the Earth. This data is very preliminary and will be further 
improved by appending data collected over a longer period. This period will 
extend up to ten months. The distinction between the north and south is visible. 
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4.5 Preliminary results of advanced operation protocols 

One of the novel ways to perform the diamond magnetometry is by using the 
PDMR technique. As this technique is relatively recent there are still challenges 
to overcome before its practical usability. However, we demonstrated in Fig. 47 
the PDMR spectrum on the QUBE using sample #353, and thereby proven the 

device allows the usage of this readout technique. The results were severely 
limited in terms of sensitivity therefore in the flight model we opted for a sample 
optimized for optical (ODMR) performance. 

 
Fig. 47. PDMR spectrum at best conditions on the QUBE with sample #353. 

Another novel technique the device is capable of is pulsed ODMR magnetometry. 
The FPGA pulse generator was successfully verified to generate suitable pulses 
with a minimal pulse width of 10ns and also the specialized readout circuitry for 
pulsed readout was verified to be working. However, this system needs further 
development and testing, as it was observed during on-ground performance 

tests, the detected signal suffers from capacitive effects that not only distort the 
shape but also prolong the detected pulse duration. This behaviour can be seen 
in Fig. 48.  

 
Fig. 48. The laser pulse of 5 μs observed by the pulsed readout system to 

benchmark the readout method. 
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Conclusions and Outlook 

The OSCAR-QUBE is the first student-made diamond-based quantum 
magnetometer to be tested onboard the ISS. The device was designed, 
assembled, and tested within a year by the OSCAR-QUBE team within the 
framework of the ‘Orbit Your Thesis!’ programme. The device is operating 

autonomously onboard the ISS with manual control over the parameters and 
functional data acquisition using the UHB. The results have shown that after 
reaching the ISS the system is stable and no significant decrease in sensitivity 
or performance was observed. It is possible to measure magnetic fields with a 
dynamic range up to 1.86 mT. The device shot noise limited sensitivity is less 
than 5 nT/sqrt(Hz). The data from the device onboard the ISS that is 
continuously being sent to the UHB, is currently being processed.  

The acquired data is then linked to the GPS coordinates enabling reconstruction 
of a magnetic field map of the Earth. The device can measure the magnetic field 
with a sampling frequency up to 1.3kHz. 

After more than a year of designing, testing, building and good teamwork, our 
experiment cube has finally reached orbit. But the project does not stop here. 
The QUBE will remain onboard the ISS for ten months, continuously sending 

data to our UHB. We will be further mapping the Earth’s magnetic field. When 
the mission is over, the instrument will return to our lab for further investigation 
after almost a year in microgravity. The development of the photo-electric 
readout and pulsed measurements to unlock the true quantum power will be 

pursued. Miniaturization of the system and a further optimization can lead to on-
chip integration and widespread adoption of this technology. The OSCAR-QUBE 
team has taken a big step forward in the development of quantum-based 

magnetometers and will continue to push forward. So, let us work together and 
change the way magnetometry is done in space today! 
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8. Chapter 8 – Conclusion and outlook 

8.1. Conclusion 

The following chapter summarizes the main results of the PhD work. The first 
and second chapter cover the theoretical background necessary for 
understanding of the underlying physics principles presented in this thesis. It 
focuses mainly on the NV centre structure and principles as well as its energy 
level structure and description of the measurement methods such as ODMR and 
PDMR, with focus on magnetometry. This chapter also introduces more 
advanced measurement protocols such as pulsed measurements schemes and 

GSLAC based microwave-free magnetometry. Description of optical and e-beam 

lithography process used in sample fabrication within this thesis can be also 
found in this section. 

The third chapter outlines the experimental methods used within this work. It 
describes in detail the practical steps needed for successful lithography on small 
diamond samples. It also describes the measurement setup concept, layout, and 
high-level overview of its key components. It also highlights differences of all 

four different setups developed in the course of this thesis. The chapter also 
describes the main software components needed for the setup automation. The 
following chapters discuss published experimental results. 

Chapter four is based on a paper about Pulsed Photoelectric Coherent 

Manipulation and Detection of N-V Centre Spins in Diamond, which is 
demonstrated on small ensembles of (down to 5) NV centres. In this paper Rabi 

and Ramsey coherent spin manipulation and photoelectric readout protocols are 
discussed using encoding high-frequency MW and laser-pulse sequences into a 
low-frequency envelope. By using the PDMR technique for readout of NV spins 
and employing the lock-in readout technique, we reach a signal detection 
contrast close to 100%. A significant reduction of the noise compared to the CW 
technique makes possible an order of magnitude enhancement of the SNR and 
thus sensitivity of magnetic field sensing. The work is built upon the patent 

US20170328965A1 on lock-in use for microwave triggered operations. 

Fifth Chapter covers the PDMR based magnetic field measurements and 

discusses the detection sensitivity as a function of the laser excitation 
wavelengths. It was demonstrated that the laser light excitation colour 
influences the magnetic field sensitivity of the PDMR method, while keeping the 
key parameters (i.e., laser power, microwave power) in a low power range. The 
PDMR performances obtained using a yellow-green (561 nm) laser surpass the 

performances of the green laser (532 nm) PDMR. The conclusion is that the 
lower photon energy illumination enables to achieve better signal to background 
ratio by suppressing the photoionization of defects other than NV centres (i.e., 
P1 centres). In this work the photoelectric readout leads to ten times improved 
sensitivity to magnetic fields in the selected conditions, in comparison to the 
optical detection method.  
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Sixth Chapter covers a novel microwave-free detection based upon the 

photoelectric readout technique and cross relaxation processes of NV centre 
spins in bulk diamond. In this paper a microwave-free magnetometry based on 
the Ground Spin Level Anti-Crossing (GSLAC) is demonstrated and provides an 
alternative to conventional NV-MW based magnetometers for situation where it 

is difficult to apply MW fields. 

In the last chapter - chapter seven, all the acquired fundamental knowledge on 
diamond-based magnetometry was used to construct an integrated 
magnetometer device. The device has been built by a team of students within 
the project OSCAR-QUBE (Optical Sensors based on CARbon materials: 
Quantum Belgium) in framework of the ‘Orbit Your Thesis!‘ programme of the 
European Space Agency (ESA). The OSCAR-QUBE represents a first ever 

diamond-based quantum magnetometer that was tested in space. The device is 
operating autonomously aboard the International Space Station (ISS) and allows 
a remote control over the detection parameters as well as data acquisition using 
a User Home Base. The measured results have shown that after reaching the 
ISS the system is stable and no significant decrease in sensitivity or 
performance is observed. Furthermore, the device was able to map the magnetic 

field of the Earth on the Low Earth Orbit which, after analysis, is matching the 
International Geomagnetic Reference Frame (IGRF) model. The shot-noise 
limited sensitivity of the integrated device is < 5 nT/sqrt(Hz), however 
measured sensitivity is <200 nT/sqrt(Hz), with dynamic range up to 1.8 mT, 
which allows to map the Earth’s magnetic field in 3d within range  
of approximately +-50 µT.  

The application potential of the NV based magnetic field sensing technology is 

enormous as the magnetic field sensing has been one of the most important 
pillars of modern-day science. It has significance in research, near Earth 
geometrics (Earth shape), geology and archaeology, also in oil, gas, and 
minerals exploration. The consumer electronics devices have transformed the 
human life to a greater extent, and space exploration. Over the past years, the 
magnetometers market has a growing trend due to the increasing number of 
applications in the future. 
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8.2. Outlook 

During my PhD research, in addition to published works, on basis of the 

measurements that I carried out I could pinpoint main design adaptations that 
would lead to higher sensitivity, reliability, and a further level of integration. 
Moreover, by improving the magnetometer performances we can compare our 
device to classical magnetometers on the market in terms of cost/performance 
benefits and bring to radar new applications for which the system can be in 
future commercialized, for example for a follow up project or directly via a start-

up. To this end we identified several improvements to be made: 

1. Engineering level as concerns of controls, driving, detectors as well as 

mechanical design 
2. Replacing the discrete components with custom-build ICs. 
3. Sensing protocol levels that will allow us to boost the sensitivity from the 

current device from > 100 nT/sqrt Hz to pT/sqrt Hz (pulsed protocols, 
hyperfine driving, radiometry combining and correlating two and more 

sensors, using double electron-electron resonance protocols) 
4. Diamond material level to increase the spin contrast and the spin 

coherence time, optimizing the number of NVs 

All these tasks that we will execute will lead to higher sensitivity but also higher 
integration level and the prospect for wider applications. To my gratification I 
have received 'Frank De Winne postdoc mandate' - an innovation mandate 
aimed specifically at innovative applications in the space sector - entitled " 

Diamond based quantum magnetic field sensors for space applications". During 
this 2 years period I will be able to address some of these topics.  

As already mentioned previously, this mandate is closely linked to the space 
sector thanks to the recent developments achieved with diamond-based 
magnetometry technology during student project series OSCAR. As a team 
leader of this project, it is my personal vision to inspire and motivate students 

towards research and space sector. So far, we were able to pursue those goals 
rather successfully [60] and we will continue to do so also in the future. As a 
follow-up on the OSCAR-QUBE project, we are currently developing next 
iteration of our magnetic field sensing device that will fly onboard the Ariane 6 
‘maiden flight’ as part of the YPSAT experiment developed by ESA Young 

Graduate Trainees (YGTs). [61] We are pursuing this opportunity together as 
students from Hasselt University in collaboration with ESA YGTs with vision to 

inspire next generations of students and young professionals to dream big and 
to work together towards strengthening the European space sector. 
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9. Appendix 

9.1.  Setup component description 

9.1.1. Setup 2 (Magnetometry setup) 

The Setup 2 is most often used for magnetometry measurements and is 
equipped with magnet holder for the purpose of Zeeman splitting. The S2 also 
has automated control of laser intensity by robotic polarizing wheel and servo-

controlled detector. 

Table 7 List of equipment currently present on setup 2 (by 02/02/2021) 

Function Part/device Model Company Description 

Optical excitation 

Green laser Gem  Laser 
Quantum 

CW solid-
state laser, 
532 nm 
emission 
wavelength, 
500 mW 
maximal 
power, 
power 
stability < 1 
% RMS, M² < 
1.2, beam 
diameter 1 
mm, 
horizontal 
polarization 

Red laser IBEAM-
SMART-PT-
660 

Toptica Pigtailed 
Diode Laser, 
·Wavelength: 
660 ± 3 nm, 
Output 
power: 75 
mW (exit 
fiber), RMS 
noise: < 0.25 
% (10 Hz - 10 
MHz), M² < 
1.1, 
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Modulation 
bandwidth 
up to 
250MHz, 
Rise and fall 
times < 1.5 
ns 

Pulsing of green 
laser 

Acousto-optic 
modulator 
(AOM) 

AOMO 
3200-146 

Crystal 
Technology 

20 ns rise 
time, 31 MHz 
modulation 
bandwidth, 
1000:1 
contrast 
ratio, 80 % 
diffraction 
efficiency 

RF source AODR 
1200AF-
DIF0-1.0 

Crystal 
Technology 

Digital 
modulation, 
200 MHz 
frequency, 1 
W output 
power 

Combination of 
green and red 
laser beams 

Dichroic 
mirror 

(Better 
quality 
dichroic has 
been ordered 
from 
Semrock) 

#69-890 Edmund 
Optics 

600nm, 
25mm 
Diameter, 
Dichroic 
Longpass 
Filter 

Separation of PL 
light from laser 

excitation 

Dichroic 
mirror 

(Better 
quality 
dichroic has 
been ordered 
from 
Semrock) 

FF677-Di01-
25x36 

Semrock 677 nm edge 
BrightLine® 
single-edge 
standard epi-
fluorescence 
dichroic 
beamsplitter 

Focusing of laser 
light on sample 

(objectives shared 

Oil objective PlanApo N Olympus 60X, NA = 
1.42, W.D = 
170 µm 
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with other 
confocal set-ups) 

Water 
objective 

UplanSApo Olympus 60X, NA = 
1.2, W.D = 
130 to 210 
µm 

Air short-
distance 
objective 

UPlanSApo  Olympus 40X, N.A. = 
0.95, W.D = 
110 to 230 
µm 

Air long-
distance 
objective 

M Plan 
Semi-
Apochroma
t  

Olympus 100X, N.A. = 
0.8, WD = 3.4 
mm 

Sample x-y-z 
movement 

Manual xyz 
translation 
stage 

MT3/M Thorlabs 12.7 mm XYZ 
Translation 
Stage with 
Standard 
Micrometers 

Objective 
movement 

Piezoelectric 
xyz stage 

LT3.200 PIEZOCONCEP
T 

Range of 
motion : 200 
x 200 x 
100μm 

Resolution : 
0,2nm 

Piezo state 
controller 

Controller3
a 

PIEZOCONCEP
T 

analogue 
controller for 
3 axis stage 

Analog 
voltage 
generation 
for control of 
piezo state 
movement 

USB-6008 NI 8 AI (12-Bit, 
10 kS/s), 2 
AO (150 Hz), 
12 DIO USB 
Multifunctio
n I/O Device 

 

 

 

 

Photoluminescen
ce detection 

Pinhole P30S Thorlabs Ø1" 
Mounted 
Precision 
Pinhole, 30 ± 
2 µm Pinhole 
Diameter 

Spectral filter 
to block laser 

ET665lp Chroma OD = 6 
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light 

Spectral filter 
to select NV- 
PL  

FELH0650 Thorlabs OD > 5 

Spectral filter 
for 
measuremen
ts with red 
excitation  

FELH0700 Thorlabs OD > 5 

Single photon 
counter 

SPCM-
AQRH-14 

Excelitas 
Technologies 

Dark counts 
< 100 cts/s, 
dead time: 
20 ns, 
Output count 
rate before 
saturation: 
40 MCts/s 

Photoelectric 
detection 

Voltage 
source and 
Picoammeter 

487 Keithley ± 500V 
source, 10fA 
sensitivity 

Current-to-
voltage 
preamplifier 

SR570 Standford 
Research 
Systems 

5 fA/√Hz 
input noise, 
1 MHz 
maximum 
bandwidth 
(at low 
amplification
), 1 pA/V 
maximum 
gain, 
configurable 
signal filters 

Lock-in 
amplifier 

7270 DSP 
lock-in 
amplifier 

Signal 
recovery 

1 mHz - 250 
kHz 
frequency 
range 

2 nV/2 fA - 1 
V/1 µA FS 
sensitivity 

Main ADC 
and analog 
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outputs 
update rate 
of 1 MSa/s 

MW signal 
generation, 

amplification and 
pulsing 

MW source SG384 SRS DC to 4 GHz, 
1 µHz 
resolution 

AM, FM, ØM, 
PM and 
sweeps (N-
type output). 
-116 dBc/Hz 
phase noise 

(20 kHz 
offset, f=1 
GHz). 

MW amplifier ZHL-16W-
43-S+ 

Mini-Circuits 16 Watt max. 
ouput 
power, 45 dB 
gain,  
800 to 4200 
MHz range, 
gain flatness 
±1.5 dB 

MW switch ZASWA-2-
50DR+ 

Mini-Circuits DC to 5 GHz, 
Rise/fall time 
~ 5 ns 

Pulse sequences 
generation 

TTL signal 
generator 

BNC Model 
588 

Fast Comtec 8 Channel 
Model, 250 
ps 
Resolution, 
50 pS RMS 
Jitter 

Sequences 
generation 

Labview 
software 

Home-built (J. 
Hruby) 

 

External magnetic 
field 

Permanent 
magnet on 
magnet 
holder 

 

Home-built 3-axes 
translation 
movement, 2 
goniometers 
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9.1.2. Setup 3 (NMR setup) 

The Setup 3 is equipped with the Time-tagger (time event to digital converter, 

Swabian Instruments) and the Pulse streamer (8-channel TTL pulse generator, 
Swabian Instruments) devices and was designed mainly to perform NMR on 
single NV. The system is equipped with series of microwave switches enabling 
the complex MW + RF sequences necessary for NMR operation. 

Table 8 List of equipment currently present on setup 3 (by 02/02/2021) 

Function Part/device Model Company Description 

Optical excitation 

Yellow laser Gem 561 Laser 
Quantum 

CW solid-
state laser, 
561 nm 
emission 
wavelength, 
75 mW 
maximal 
power, 
power 
stability < 1 % 
RMS, M² < 
1.2, beam 
diameter 1 
mm, 
horizontal 
polarization 

Green laser IBEAM-
SMART-PT-
515 

Toptica Pigtailed 
Diode Laser, 
512 nm 
emission 
wavelength, 
50 mW 
maximal 
power, RMS 
noise: < 0.25 
% (10 Hz - 10 
MHz), M² < 
1.1, 
Modulation 
bandwidth 
up to 
250MHz, 
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Rise and fall 
times < 1.5 ns 

Pulsing of yellow 
laser 

Acousto-optic 
modulator 
(AOM) 

AOMO 
3200-146 

Crystal 
Technology 

20 ns rise 
time, 31 MHz 
modulation 
bandwidth, 
1000:1 
contrast 
ratio, 80 % 
diffraction 
efficiency 

RF source AODR 
1200AF-
DIF0-1.0 

Crystal 
Technology 

Digital 
modulation, 
200 MHz 
frequency, 1 
W output 
power 

Combination of 
green and yellow 

laser beams 

Dichroic 
mirror 

FF538-
FDi01-25x36 

Semrock 538 nm edge 
BrightLine® 
single-edge 
image-
splitting 
dichroic 
beamsplitter 
for standard 
microscopy. 
Nominal 
Radium of 
Curvature ~ 
100 m, 
Maximum 
Reflected 
Beam 
Diameter = 
10 mm, 
Reflected 
Wavefront 
Error < 2λ 

Separation of PL 
light from laser 

excitation 

Dichroic 
mirror 

FF580-
FDi01-25x36 

Semrock 580 nm edge 
BrightLine® 
single-edge 
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image-
splitting 
dichroic 
beamsplitter 
for standard 
microscopy. 
Nominal 
Radium of 
Curvature ~ 
100 m, 
Maximum 
Reflected 
Beam 
Diameter = 
10 mm, 
Reflected 
Wavefront 
Error < 2λ 

Focusing of laser 
light on sample 

(objectives shared 
with other 

confocal set-ups) 

Oil objective PlanApo N Olympus 60X, NA = 
1.42, W.D = 
170 µm 

Water 
objective 

UplanSApo Olympus 60X, NA = 
1.2, W.D = 
130 to 210 
µm 

Air short-
distance 
objective 

UPlanSApo  Olympus 40X, N.A. = 
0.95, W.D = 
110 to 230 
µm 

Air long-
distance 
objective 

M Plan 
Semi-
Apochromat
  

Olympus 100X, N.A. = 
0.8, WD = 3.4 
mm 

Objective vertical 
movement 

Manual z-
translation 
stage 

MVS010/M Thorlabs 25mm 
Vertical 
Translation 
Stage 

Sample movement 

Manual xy 
stage 

M-545 PI Manual XY 
Microscope 
Stage 

Piezoelectric P-545.3C8S PI XYZ Piezo 
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xyz stage System, Clear 
Aperture for 
Microscope 
Slides, 200 
μm × 200 μm 
× 200 μm, 
Capacitive 
Sensors 

Piezo state 
controller 

E-727.3CDA PI Digital Multi-
Channel 
Piezo 
Controller, 3 
Channels, -30 
to 130 V, 
Sub-D 
Connector(s), 
Capacitive 
Sensors, 
Analog Inputs 

Photoluminescenc
e detection 

Pinhole P30S Thorlabs Ø1" Mounted 
Precision 
Pinhole, 30 ± 
2 µm Pinhole 
Diameter 

Spectral filter 
to block laser 
light 

ET570lp Chroma OD = 6 

Spectral filter 
to select NV- 
PL (other 
filters can be 
mounted if 
required) 

FELH0650 Thorlabs OD > 5 

Single photon 
counter 

SPCM-
AQRH-14 

Excelitas 
Technologie
s 

Dark counts < 
100 cts/s, 
dead time: 20 
ns, Output 
count rate 
before 
saturation: 
40 MCts/s 
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PL detection 
gating for 
time-resolved 
measurement
s 

Time Tagger 
20 

Swabian 
Instruments 

34 ps RMS 
Jitter, 8.5 M 
tags/s 
transfer rate, 
8 

input 
channels 

Photoelectric 
detection 

Voltage 
source and 
Picoammeter 

487 Keithley ± 500V 
source, 10fA 
sensitivity 

Current-to-
voltage 
preamplifier 

SR570 Standford 
Research 
Systems 

5 fA/√Hz 
input noise, 1 
MHz 
maximum 
bandwidth 
(at low 
amplification)
, 1 pA/V 
maximum 
gain, 
configurable 
signal filters 

Lock-in 
amplifier 

SR850 Standford 
Research 
Systems 

1 mHz to 
102.4 kHz 
range, 
>100 dB 
dynamic 
reserve, 0.01 
degree phase 
resolution, 
Time 
constants 
from 10 µs to 
3 ks 

MW signal 
generation, 

amplification and 
pulsing 

MW source SynthNV 
Signal 
Generator 

Windfreak  34.4MHz – 
4.4GHz RF 
Signal 
Generator 
plus RF 
Power 
Detector, +19 
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dBm output 
power, ½ dB 
amplitude 
output power 
step size 

MW amplifier ZHL-42+ Mini-
Circuits 

600 to 4200 
MHz, gain: 38 
dB, gain 
flatness: ±0.8 
dB 

MW switch ZASWA-2-
50DR+ 

Mini-
Circuits 

DC to 5 GHz, 
Rise/fall time 
~ 5 ns 

RF signal 
generation, 

amplification and 
pulsing 

RF source STEMLAB 
125-10 

Red Pitaya 

 

RF amplifier ZX60-
100VH+ 

Mini-
Circuits 

0.3 to 100 
MHz, gain: 30 
dB 

RF switch ZASWA-2-
50DR+ 

Mini-
Circuits 

DC to 5 GHz, 
Rise/fall time 
~ 5 ns 

MW and RF signal 
multiplexing 

Diplexer Diplexer  Home-built 
(University 
of Vienna) 

 

Pulse sequences 
generation 

TTL signal 
generator 

Pulse 
Streamer 
8/2 

Swabian 
Instruments 

8 digital and 
2 analog 
output 
channels, 1 
GSa/s digital 
sampling 
rate, 125 
MSa/s 

analog 
sampling 
rate, 1 M 
pulses 
pattern 
memory 

Sequences 
generation 

Labview 
software 

Home-built 
(J. Hruby, J. 
Vodnik) 
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9.1.3. Setup 4 (OSCAR-QUBE test bench 

setup) 

The Setup 4 is a specialized setup designed as test bench model for the project 
OSCAR-QUBE. The system is designed as “low-budget” simplification of 
measurement system. Compared to the rest, this system is not a confocal 

system and does not have piezo controlled stage, instead has XYZ stepper motor 
stage. 

Table 9 List of equipment currently present on setup 4 (by 02/02/2021) 

Function Part/device Model Company Description 

Optical excitation 

Green laser L520P50 OSCAR-QUBE CW Laser diode, 520 nm 
emission wavelength, 50 
mW maximal power 

Pulsing 
none none none none 

Separation of PL 
light from laser 

excitation 

Dichroic 
mirror 

DMLP550L Thorlabs Ø2" Longpass Dichroic 
Mirror, 550 nm Cut-On 

Focusing of laser 
light on sample  

Focusing 
lens 

APL0303 Thorlabs NA = 0.59, W.D = 1 mm 

Sample movement 

Electric xy 
stage for 
coarse 
movement 

M-
126.DG1 
with  
C-
663.12 

PI Electric XY Microscope 
Stage and controller 

Photoluminescence 
detection 

Long-pass 
Spectral 
filter to 
block laser 
light 

FELH0550 Thorlabs OD > 5 

Long-pass 
Spectral 
filter to 
select NV- 
PL 

FELH0650 Thorlabs OD > 5 

Photodiode 
detector 
with 
integrated 
lens 

S5973-1 OSCAR-QUBE Photodiode and DAC 
board 

Photoelectric 
detection 

Voltage 
source  

 

OSCAR-QUBE 0-30V 
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Current-to-
voltage 
preamplifier  

 
OSCAR-QUBE Preamplifier with DAC on 

PCB 

Current-to-
voltage 
preamplifier 

DLPCA-
200 

Femto 440 fA/√Hz input noise at 
400kHz and 100 nA/V 

MW signal 
generation, 

amplification and 
pulsing 

MW source 
 

OSCAR-QUBE  1800MHz – 4000MHz, +26 
dBm output power with 
32dB programable 
attenuator 

MW 
amplifier 

ZHL-16W-
43-S+ 

Mini-Circuits 1800 to 4000 MHz, gain: 45 
dB, gain flatness: ±2.0 dB 
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