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ABSTRACT: Atomic scale defects in diamond are emerging as next-generation
quantum sensors. One such defect is the nitrogen vacancy (NV) center which
possesses artificial atom-like properties making it a strong contender for a room
temperature solid state qubit. These spin defects are optically addressable by
studying their optically detected magnetic resonance spectra (ODMR). The spin
states can be initialized, controlled, and read out by a shining laser. The
photoluminescence spectra contain information on the external magnetic field,
electric field, temperature, etc. Thus, this type of multimodal sensor is exigent in
various fields of research viz. chemistry, materials science, biology, and
fundamental physics. In today’s world where energy-related products are booming,
deployment of quantum sensors can expedite the development. Based on existing
works, this paper makes an attempt to identify the applications of color centers in
diamond for energy sectors. We have highlighted the efficacy of quantum diamond
sensors in the oil and gas industry, battery research, and photovoltaics. In addition, a summary of the structural and quantum
properties of defects in diamond, synthesis of diamond, protocols for optical detection of spin states, different types of color centers,
etc., is presented.

1. INTRODUCTION The atomic scale defects in diamond can generate single
photon emission and are known as “color centers”. It may be
pointed out that various defects can be incorporated in
diamond, e.g. nitrogen,ZI’22 silicon,23 tin (SnV),24 germanium
(GeV),” etc. The main advantage of these solid-state spin

If we look toward the status of present quantum technology
related research works, quantum sensing has surfaced as a
domain which has the potential for harnessing the power of the
quantum world in real-life applications in the near term. These

sensors can perform measurements of certain physical qubits is that their photoluminescence spectra can be
quantities by utilizing quantum coherence, entanglement, and monitored experimentally to obtain different measurable
superposition to accomplish sensitivities beyond a classical physical quantities.
limit.” Various platforms exist for quantum sensing including In this paper, we review the progress of color centers in
spin qubits,” cold atoms,’ trapped ions,” superconducting diamond-based quantum sensors mainly from the perspective
qubits,” photons,” and certain materials with two-level system- of energy related applications. We have identified three
like characteristics.” Quantum sensors can be used to detect a important areas viz. oil and gas industry, battery research,
magnetic ﬁeld,8 electric ﬁeld,9 temperature,lo gravitational and photovoltaics, where these quantum diamond sensors are
field,"" and other quantities with high PI‘QCiSiOH-12 being used or have potential to be utilized in the near future. In
However, many of these quantum sensors need cryogenic passing, we have also discussed some fundamental properties
cooling or vacuum-based operation. In addition, most of them of defects in diamond and how they can be induced into a
are not immune to work under harsh conditions. An alternative diamond lattice. In addition, we have briefly described some of

emerging competitor is solid state spin qubits. In particular,
nitrogen vacancy (NV) centers in a diamond can be used as a
spin qubit that is capable of room temperature operation and
can be easily formed with a diamond lattice."” In addition, they
have relatively long coherence times even at room temperature
which is also important for quantum computing application."*
As a matter of fact, diamonds containing atomic scale defects
have shown great potential by exhibiting multimodal sensin%
properties by detecting a maignetic field," electric field,'®
temperature, ~ pressure,'” pH, ~ thermal conductivity,” etc.

the emerging synthesis processes of making nanocrystalline
diamond. Various detection protocols in context of diamond
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quantum sensing (with nitrogen vacancy centers) have been
pointed out. It may be noted that this field of research is
comparatively new and still evolving toward getting matured.
Therefore, we have also highlighted relevant proposals that can
be commercialized in later stages with the discovery of suitable
fabrication methodology. However, the prospect of quantum
diamond sensors for energy applications is difficult to find.

The extracted data from quantum diamond sensor can
further be utilized for improving the efficiency of a solar cell,
discovering fossil fuel-based reservoirs, or designing robust
battery monitoring systems for electric vehicles.

2. CRYSTALLOGRAPHIC DEFECT CENTERS IN
DIAMOND

The diamond crystal structure consists of two interpenetrating
face-centered cubic (fcc) Bravais lattices, displaced along the
body diagonal of the cubic cell by one-quarter of the diagonal’s
length. Each lattice point in the fcc Bravais lattice contains two
identical atoms, separated by one-quarter of the cube’s body
diagonal.’® The fundamental unit of the structure is a
tetrahedron, where a carbon atom is at the center, and its
four nearest neighbors are at the corners (or vice versa). Each
atom forms four bonds with its nearest neighbors. The
diamond’s NV (Nitrogen-Vacancy) center is a heteromolecular
fluorescent lattice defect. It forms when a nitrogen atom is
substituted into the diamond lattice, alongside a neighboring
carbon vacancy.”’”*” It possesses a bandgap of 5.47 eV,
allowing transparency across the ultraviolet to infrared
spectrum. Due to this wide bandgap, diamonds serve as
effective electrical insulators. Moreover, their high mechanical
stren§th can be attributed to a Young’s Modulus of 1054
GPa.””’! Diamond’s high thermal conductivity, biocompati-
bility, and chemical inertness provide significant benefits for
accommodating impurity atoms of other materials, resulting in
the development of diverse physical properties.*’

Common imperfections in diamonds can arise from
substitutional or interstitial impurities, which may occur
naturally or be introduced artificially.” These point defects
are primarily categorized into two types: one featuring
significant nitrogen impurity (Type I) and the other with
nearly 1 ppm of nitrogen concentration (Type II). Type I is
further divided into Type Ia (with nitrogen concentrations
ranging from 500 to 3000 ppm) and Type Ib (with nitrogen
concentrations below 300 ppm). Type II is subdivided into
Type IIa and Type IIb based on boron impurity’s absence or
presence, respectively.’”**7*® NV centers are structural defects
wherein a carbon atom adjacent to a vacancy (referred to as a
“missing atom”) in a diamond crystal or thin film is substituted
by a nitrogen atom. This substitution gives rise to a mobile
electron and a vacancy close by (Figure 1).

Although NV centers are found in natural diamond, based
on our application, we can introduce a single or ensemble of
NV centers in diamond by different engineering techniques.
This flexibility also applies to lab-grown nanodiamonds. All
this versatility of diamond structure, diamond with single NV
center, ensemble of NV centers in nano diamonds and bulk
diamonds, significantly impacts the overall sensitivity too,
which is a crucial parameter to be considered in the sensing
experiments. Sensitivity can be increased by increasing the
number of sensors present in the NV center, that is given by N
[NV~]*V. So, the number of sensors can be increased b
increasing the sensor density [NV~] or diamond volume V3
Due to this, the number of photons associated with
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Figure 1. Schematic of the NV structure in a diamond face-centered
cubic (fcc) lattice. The carbon atoms in the FCC lattice are
represented by the red sphere, the substituted nitrogen atom is
depicted by the yellow sphere, and the light blue sphere illustrates the
vacancy in the proximity of the nitrogen atom.

photoluminescence will also be increased followed by an
increase in noise and jitters. As a result, the shot noise limited
sensitivity will be less. Also, to excite a large number of sensors,
the required laser power will be high too, which can further
affect the shot noise. Moreover, if we amplify sensor density
keeping the diamond volume constant, it will not be cost-
effective, and producing a uniform distribution of sensors will
be technically challenging. Apart from that, if the diamond
volume is widened, which lowers the spatial resolution and
adds imaging difficulties, it is not advisible.

In addition to the optically active NV centers, more than 500
different color centers in diamonds have been reported so
far.””?®% In recent years, silicon-vacancy (SiV) centers and
color centers based on heavier impurities, such as nickel,
chromium, and rare earth elements, have been under active
research to exploit optical properties. Figure 2 illustrates the
important defect centers in diamond and the corresponding
absorption wavelengths in the electromagnetic wave spectrum.

3. SYNTHESIS OF DIAMOND

The NV (Nitrogen-Vacancy) center in diamond is a
heteromolecular fluorescent lattice defect. It forms when a
nitrogen atom is substituted into the diamond lattice alongside
a neighboring carbon vacancy. This center, a notable example
of a color center, interacts with photons in the visible
spectrum. It absorbs light at specific wavelengths, like 532
nm, and emits photons across a broad range, typically between
632 and 800 nm.**”*" There are mainly two laboratory
methods used for the synthesis of diamonds, namely, the high
pressure and high temperature method (HPHT method) and
the chemical vapor deposition (CVD) method. The HPHT
method involves converting a carbon source like graphite
under high pressures in the range of 5—10 GPa and a
temperature of about 2000 °C, imitating the extreme
geological conditions of the natural synthesis of dia-
monds.* ™" The CVD diamond synthesis method involves
depositing gaseous reactants onto a substrate, offering
advantages such as ambient pressure growth and reduced
unwanted element incorporation compared with HPHT
methods. The process includes reactant flow into the reactor,
activation by energy input (via hot filaments or plasma), and
subsequent surface reactions on the substrate, leading to
diamond film nucleation and growth. Maintaining a substrate
temperature of around 800 °C prevents graphite growth, while
selective etching by hydrogen atoms promotes diamond
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Figure 2. Various optical defect centers in diamond and the corresponding absorption wavelength line.

s 48-50 .
carbon growth over graphitic carbon. Nanodiamonds are

produced via a method called detonation, yielding diamond
nanocrystals from controlled explosive detonation. Despite
their nanometer size, impurities are a prevalent issue in these
synthesized nanodiamonds.”’ The NV centers can be formed
in diamonds naturally during the laboratory synthesis (for
instance, the CVD growth process) of the diamond. It can also
be created artificially, by either implanting or irradiating
nitrogen into the diamond followed by immediate high-
temperature annealing which helps in the migration of carbon
vacancies to the proximity of substituted nitrogen impur-
ities.””™>> Nanocrystalline diamond or nanodiamond (NCDs)
has many fascinating properties, based on particle size:
nanocrystalline (particle size ~1 to >150 nm), ultra nano-
crystalline (~2 to 10 nm), and diamondoids (~1 to 2 nm).
NCDs find application in emerging areas of power electronics
(withstands high current and temperature), field emission (FE:
high negative electron affinity), mechanical applications (wear-
resistant coatings, lubrication: second hardest material in
planet), heat-sinks and heat-spreaders (extremely high thermal-
conductivity) and of course nanophotonics, energy, and
imaging applications (capable of room temperature single
photon generation, detection, and nanoscale magnetometry)
toward application in all-solid-state or integrated photonic
devices in quantum optics and quantum information).**%~%
However, low temperature and commercially viable and
industrial synthesis of NCD thin films is still an extremely
challenging endeavor. Diamond has extremely slow growth
kinetics in low or ambient temperatures further adding to the
challenges involved in the nucleation and complex growth
steps. While various synthesis methods have been optimized
over decades, e.g., detonation; high-pressure-high-temperature
(HPHT); chemical vapor deposition (CVD); for low temper-
ature growth of NCD films, plasma enhanced chemical vapor
deposition (PECVD) and Pulsed laser deposition (PLD)
stands-out. It is evident due to the recent unprecedented
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advancement of the design modules, materials engineering,
microfabrication, and processing technologies that the develop-
ment of NCD devices is becoming mainstream. Here we will
describe mainly two techniques, i.e. plasma synthesis of NCD
thin films and PLD deposition of diamond-like carbon thin
films.

3.1. Plasma Synthesis of NCD Thin Films. The authors
have previously reported extensive studies on the design and
development of microwave plasma reactors (MW-PECVD)
and tuning of the hazardous high-density plasma and
optimization of secondary plasma for low temperatures
synthesis of NCDs and related materials (e.g., diamond-like-
carbon) with halogenated precursors for photonics and energy
applications.”' =%

The supremacy of microwave PECVD (MW-PECVD) due
to its high-density plasma is well established for the synthesis
of nonequilibrium NCDs structures from hydrogen diluted
carbon-containing precursors.”’ The requirement of high
growth temperature (~700 °C) restricts the application of
NCD films in various substrates of commercial significance for
microelectronic applications.ﬂ_” However, MW-PECVD
growth of NCD film at low temperature (even room
temperature) has been demonstrated with the help of
halogenated precursors,74 interfacial layers (e.g., tungsten),75
and mechanical seeding procedure,”*’”” or by complicated
assembly employing high-frequency linear antennas pulsed
MW-PECVD configuration or RF bias in combination with a
MW plasma system.”*”*° It is obvious that in nonequilibrium
plasma the precursors require some energy threshold for
intended growth reactions starting and are conducive in high
substrate temperatures.77 However, the same energetic
conditions could be imitated even at much lower temperatures
with special arrangements in MW-PECVD.” An extensive
study has been reported by the authors on the optimization of
various process conditions for the low-temperature growth of
NCDs employing an indigenously built microwave-plasma
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enhanced CVD (MWPECVD: 245 GHz, 2 kW) quartz

tubular system [Figure 3].°°> The effect of deposition
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parameters, e.g., gas pressure (~10 to 100 Torr), gas flow
rate (10—200 sccm), microwave power (100—1500 W),
precursors CH,/H, ratio (~1 to 20), moderate growth
temperatures ~100—400 °C, and deposition time ~2 and 8
h, with and without seeding layers to act as nucleation centers,
has been studied and correlated with microstructural and
optical characterizations. While high electrical power evidently
aggravates the growth dynamics within plasma precursors, the
exposure to direct high-energy ions from the plasma is
extremely detrimental for the film growth. Further systematic
yet unconventional parametric optimization may be possible
with load matching by the reduction in reactor volume, and
employing a buffering technique with the help of multiple grid-
mask assemblies to mitigate the surface damage by introducing
secondary plasma in MW-PECVD, leading to core—shell-like
NCD structures (size ~5—14 nm) with (111) with prominent
<1é 81> and <200> crystalline diamond planes (Figures 4 and
5)-

3.2. PLD Synthesis of NCDs Thin Films. NCD thin films
were deposited by pulsed laser ablation of an HOPG target
(SPI Supplies, 444 HP-AB) using a KrF excimer laser
(Coherent Inc.) having 20 ns pulse width and 10 Hz repetition
rate. Films were deposited on single crystalline SiO, (z-cut,
one-sided polished, MTI Corp.) substrates, which were
cleaned with piranha solution and isopropyl alcohol and jet-
dried using high purity (SN) nitrogen gas. The deposition
chamber (Excel Instruments) was evacuated to a base pressure
of less than 4 X 10™® mbar, and the films were grown without
introduction of any external gas flow. Pulsed laser deposition
was carried out at three different experimental conditions by
choosing the deposition temperatures to be 500 °C, 700 °C,
and room temperature (RT). Now onward, these three
samples will be designated as G2, G3, and GI respectively.
The laser fluence was fixed at 3.3 J cm™ and a rotating target
carousel ensured uniform ablation. The target-substrate
distance was chosen to be 18 cm. For each deposition, 400
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Figure 4. (a) FEG-TEM micrograph for pressure SO Torr with core—
shell structures, in the amorphous network with (b) dark field
inverted STEM images identifying different phases of carbon material
in core and shell. (c) magnified view of the core demonstrating (111)
lattice planes of NCD [reproduced with permission from ref 65.

laser shots were provided to the target. Prior to deposition, a
preablation was done by giving S00 shots to the target (while
the substrate was covered with a movable shutter). The Raman
spectra of the samples are shown in Figure 6 where the G and
D peaks can be identiﬁed clearly. The position of D peak is
around 1333 cm™’ revealing the signature of the NCD nature
of the thin films, especially for the annealed samples.®'

3.3. Nanodiamond NV Centers. Nanodiamonds differ
from bulk diamonds in several ways: they exhibit greater
inhomogeneity due to varied sizes and shapes from the
production process. Their specific brightness varies widely but
is consistent per unit volume across batches. The quantum
yield of NV centers is significantly lower in nanodiamonds,
around 50% for bulk crystals. Radiative decay rates are slower
in nanodiamonds (8 MHz in water, 3 MHz in air) than in bulk
diamonds (44 MHz), and their absorption cross-section is
smaller, affecting brightness.82 Shape and surrounding
refractive index notably influence their optical properties,
with flake shapes improving radiative rates.”” Despite these
drawbacks, nanodiamonds are valuable in applications like
bioimaging and nanoscale temperature measurements due to
their small size.*” Nanodiamonds inherit most of the superlor
properties of bulk diamonds, and deliver at the nanoscale.’!
The nanometer size requirement for precise sensing and
imaging applications can be easily satisfied by nanodiamonds.
It typically has shorter T1 relaxation times than bulk diamonds,
which can lead to shorter measurement times and more
efficient data acquisition.”> Moreover, the whole purpose of
nanodiamond-based sensing is spatial resolution enhanced by
nanoscale dimensions. The surface of nanodiamonds can be
readily modified to improve their interaction with specific
analytes, enabling tailored sensing applications with an
increased sensitivity to specific biological or chemical
substances. NV-rich nanodiamonds can be functionalized
into AFM tips using techniques like focused ion beam (FIB)
milling, allowing the creation of customized cantilevers with
specific shapes and resonant frequencies for targeted
applications.** Single nanodiamonds containing a nitrogen-
vacancy (NV) center, coupled with an atomic force micro-
scope (AFM), are instrumental in quantitatively mapping stray
magnetic fields and studying the nanomechanical properties.

https://doi.org/10.1021/acsomega.4c04406
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and <200> diamond planes and FFT pattern [reproduced with permission from ref 65]. Copyright 2015 Elsevier.
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In addition, Kewes et al. have demonstrated a pick-and-place of
nanodiamonds which can be employed in developing an
integrated quantum sensor.*

4. ELECTRONIC STRUCTURE OF NV CENTERS

It has been found that such formed NV center exists in four
different charge states, NV, NV°, NV~!, and NV25 NV?
centers, neutral nitrogen-vacancy defects, have a nitrogen atom
next to a vacancy in the diamond structure without an extra
electron. On the other hand, NV~ centers, which are negatively
charged nitrogen-vacancy defects, contain an additional
electron at the defect site, making them negatively charged.
The —1 charge state is a more stable form than the —2 and +1
states. The difference in charge greatly affects how NV centers
behave and what they can be used for. NV centers show great
potential for things like quantum sensing, single photon
emission, and magnetometry because of how they interact
electronically and optically. On the other hand, NV° centers
are getting noticed for their potential in %uanturn computing,
biosensing, and imaging at the nanoscale.*” The NV~ c-centers
contain a total of six electrons; four of them pair up with 3
carbons and a vacancy, and the remaining two unpaired
electrons make spin-triplet states at the ground state level.*’
The NV center encompasses two primary groups of quantum
states: the A-triplet ground state and the *E-triplet excited
state. The spin triplets experience zero-field splitting, resulting
in their division into two distinct sets of nondegenerate spin
sublevels: one with zero spin (m, = 0) and two with spins of m,
+ 1. This splitting, driven by the interplay of crystal field
effects and spin—spin interactions, manifests as a separation of
approximately 2.87 GHz between the ground state triplet states
(*A) and a separation of 1.42 GHz between the excited triplet
state (°E)”” (Figure 7). In addition to the aforementioned
triplet states, there exist intermediary singlet states (‘A and 'E)
positioned between them, serving a crucial function in the
nonradiative decay processes occurring between the triplet
states.”””" We focus on the magnetic field applied along the
N-—V (nitrogen-vacancy) axis because the energy levels of the
nitrogen-vacancy center in diamonds are highly sensitive to
magnetic fields aligned with this axis. When a magnetic field is
applied along the N—V axis, it causes Zeeman splitting
specifically of the m; = + 1 sub levels. This is due to the
magnetic interaction with the NV center’s spin state.”” The NV
center has a high degree of symmetry along the N—V axis. The
electronic structure of the NV center is such that the axis
connecting the nitrogen atom to the vacancy plays a special
role in determining the electronic states. Magnetic fields
aligned with this axis interact strongly and predictably with the
NV center’s spin states. The interaction between the magnetic
field and the NV center’s spin states is maximized when the
field is aligned with the N—V axis. This makes the observation
and manipulation of the spin states easier, which is crucial for
applications in quantum information and sensing. Apart from
other ODMR frequencies, when a magnetic field is not aligned
with the N—V axis, it can be decomposed into components
parallel and perpendicular to the N—V axis. Only the parallel
component directly contributes to the Zeeman splitting of the
mg = + 1 states. The perpendicular component, however, can
induce transitions between the spin states, resulting in more
complex behavior. The spin states m = 0 and mg = + 1 remain
good quantum numbers as long as the two dominant terms in
the Hamiltonian, zero-field splitting (Hzps) and Zeeman
splitting (Hyeeman), Share the same principal axis.”~ Misalign-
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ment leads to spin state mixing and reduces the ODMR
contrast, an effect that worsens with increasing magnetic field
strength B,.”* Moreover, nanodiamonds exhibit a slight
decrease in T, (transverse spin coherence time) compared
with bulk diamonds. However, T, can be further reduced if
there is a misalignment in the magnetic field.”> T, measures
how long the spins in nitrogen-vacancy (NV) centers in
diamond stay coherent. This is crucial for quantum
information processing and precise magnetic measurements.
NV center’s electronic spin can maintain its coherence better
when the magnetic field is aligned with its axis, as it minimizes
certain decoherence mechanisms.”

When the magnetic field is not aligned with the NV axis, the
coherence time T, exhibits a significant reduction. This
reduction arises from the interaction between the electronic
spin of the NV center and the surrounding bath of '*C nuclear
spins. The misalignment interrupts the usual cancellation of
dipolar field contributions from the '*C nuclei, which typically
occurs when the magnetic field is properly aligned with the NV
axis. Consequently, the NV spin undergoes accelerated
decoherence, driven by fluctuations in the hyperfine inter-
action with the '3C spins.”> Walsworth et al. have
demonstrated that the decoherence for the Hahn-echo signal
(a method used to measure spin coherence) of an individual
NV center is exponential, with a decay rate that depends on the
angle of misalignment and the strength of the hyperfine
interaction with the nearest '*C nuclear spin. That is, even a
slight misalignment can significantly reduce the coherence
time.”

Irrespective of misalignment or not, in principle to induce
coherent spin excitations, allowing the NV center to exist in a
quantum superposition of m; = 0 or m; = + 1, an
electromagnetic wave is utilized for excitation.*””® Specifically,
a microwave pulse is necessary, as the energy gap between the
states falls within the GHz frequency range of electromagnetic
radiation.”

4.1. Energy States and Hamiltonian. The overlapping of
sp> orbitals among carbon atoms in diamonds results in
valence and conduction bands characterized by an energy gap
of 5.47 eV.”” Within this gap, energy states induced by
impurities are situated. As mentioned above, the electrons in
the vacancy center can aggregate into two states, characterized
by spin values of S = 1 and S = 0, representing the triplet and
metastable singlet states, respectively. In both configurations,
excited and ground states are present within the bandgap.
Specifically, the triplet states are labeled as *E (excited) and *A
(ground) with the highest separation of 1.96 eV, while the
singlet states are identified as 'E and 'A with a separation of
1.19 eV’ (Figure 7).

A deeper look into the Hamiltonian of the NV center is
needed for a better understanding of the electronic structure as
the vacancy center does not possess a simple two energy levels.
In one of the models, the Hamiltonian consists of mainly 4
terms: Zero-field splitting (%), the electron-Zeeman

interaction (H?), hyperfine coupling (th), and nuclear

Zeeman interaction (Hy ),>>%

ST —= 25 oToo oo
H=S DS +ySB+S Al —vI'‘B 2)
D is the zero-field tensor, A is the hyperfine tensor, and S and I
are the electronic and nuclear spin operators, respectively.”®

https://doi.org/10.1021/acsomega.4c04406
ACS Omega 2025, 10, 2372-2392


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

The aforementioned zero field splitting term (sz) gives rise

to a splitting of the NV spin m, = 0 and m, = + 1 sublevels in
the absence of a magnetic field.” This behavior is primarily
influenced by the zero-field tensor D, which exhibits a linear
temperature dependence of —70 kHz/K within the temper-
ature range of 280 to 330 K.>**”'% This property can be
leveraged to employ NV centers as nanoscale temperature
sensors.'’’ The Zeeman term (%) results from the
interaction of the spin with the external magnetic field."'
When the field is aligned with the NV axis, the degeneracy of
m, = = 1 in both A and 3E will be lifted as a function of field
strength. For a very large off-axis field, m, will not be a good
quantum number anymore, and it will lead to the inefficient
spin-dependent photoluminescence of the NV center.'”’ The

third term, hyperfine coupling (H),), is primarily due to the

nitrogen (**N) nucleus which has nuclear spin I = 1,
interacting with the NV electronic spin.'”>'* In the presence
of a magnetic field, I splits into 2I+1 number of sublevels,
which corresponds to the fourth interaction term nuclear
Zeeman interaction (7). Both the nuclear Zeeman
interaction and hyperfine coupling terms do not change the
electronic states much; nonetheless, they play a significant role
in the interaction between the NV spin qubits.”®

4.2, Optical Transitions and Optical Spin Polar-
izations. Figure 7 illustrates the optical spectra of a single
NV center which contains a broad absorption band and a
broad emission band. Due to the interactions of electronic and
vibrational states, the most probable transitions at thermal
equilibrium are those from the lowest vibronic levels of the
ground state to the higher levels of the excited state which
gives out an absorption band geakjn§ around 560 nm called
the Phonon Side Band (PSB).”>*%'°* The NV center can be
excited in a spin-conserving transition from A to ’E through
the application of laser at 532 nm.”” The transitive decay to all
the vibronic levels in the ground state follows after that and
gives rise to emission PSB ranging from 637 to 750 nm.** Zero
phonon line (ZPL) at a wavelength A;p; = 637 nm
corresponds to the emission process when there is no
conversion of energy through phonon-assisted vibrations.'*”

There is an alternative nonradiative pathway (releasing heat
by the vibrations of the diamond lattice) through which the
NV center decays from °E to *A state without spin
conservation, called intersystem crossing. Thus, the spins
relax from °E to one of the metastable singlet states ('E),
followed by the radiative decay to 'A with the emission of a
photon of wavelength 1042 nm (Figure 7) and finally reaches
back to ground triplet state *A. The spins m, = + 1 in the
excited state °E are more likely to decay through the above-
mentioned path.”® Moreover, the probability of nonradiative
decay from 'A to m, = 0 spin in ground state A is more than
to spin m, = & 1. Hence there will be less fluorescence if the
NV center is excited into the | °E, m, = + 1) state in the first
place. Similarly, if the spin was already in | °E, mg = 0), the
electrons in the NV center would preferably give out a spin-
conserving fluorescence emission by decaying to the | *A, m, =
0) spin state. This spin-state-dependent decay from °E to
singlet states to m, = 0 sublevel in the *A produces the optical
spin polarization in the ground state. In the transition from the
| °E, m, = 0) to | °A, m, = 0) state, the fluorescence emission is
approximately 30% greater compared to transitions between
the | °E, m, = + 1) and | *A, m, = 0).'""° This variation in the
intensity of fluorescence provides the optical contrast necessary

2378

to perform the so-called Optically Detected Magnetic
Resonance (ODMR).*>!

5. MAGNETIC SENSING

Diamond-based quantum sensors, particularly NV centers,
have become increasingly popular due to their ability to use
spin-dependent photoluminescence to detect time-resolved
weak magnetic fields at ambient temperatures with high spatial
accuracy and field sensitivity. In addition to their primary use
in magnetic field measurement, NV centers can also be
employed to sense other factors, such as electric fields,
temperature, and pressure. Additionally, compared to conven-
tional scalar magnetometers, which are limited to measuring
only the magnitude of magnetic fields along a single direction,
the NV center can also be used as vector magnetometry. This
capability not only enables the measurement of the magnetic
field’s strength but also ensures that the orientation of the
sensing element remains constant relative to the applied field
direction. Consequently, the sensor accurately detects the
projection of the field along its symmetry axis. This versatility
makes them valuable for a wide range of applications in
scientific research and technology. The fundamental principle
of magnetic field sensing for an NV center is rooted in the
Zeeman shifts, which describe the splitting of spectral lines
when exposed to an external magnetic field. This shift in
energy levels can be measured and used to detect and quantify
the strength of the magnetic field.

There exist multiple techniques for detecting magnetic fields,
commonly referred to as magnetometry. These techniques
involve the use of different types of sensors,'””'* such as GMI
(Giant-magneto impedance), magnetoelectric,log’110 Hall
effect, Fluxgate,nl_1 > DC SQUIDs (Superconducting Quan-
tum Interference devices),''* cavity optomechanical,'">~""
AMR/GMR/TMR (Anisotropic/Giant/Tunneling magneto-
resistance),''®*™"*" and others.

AMR/GMR/TMR [

U U

Magnetoelectric

Flux-gate [

SQUIDs I

GMI T

Cavity r A
optomechanical :

NV center

pT/VHz 10? 10 1 107" 102 | 1073

Figure 8. Comparison of different magnetic field sensors based on
sensitivity.

GMI was introduced approximately three decades ago
(around the 1990s) and has a sensitivity of around 1 X
10™"> T/4/Hz. Other sensors such as cavity optomechanical,
magnetoelectric, and magnetoresistance sensors exhibit
sensitivity around the pT/ \/Hz range.'””''* SQUIDs and
optically pumped sensors on the other hand are capable of
reaching the femto-tesla threshold but require cryogenic
cooling.'** For the characterization of magnetic field sensors,
field sensitivity and spatial resolution matter most, but also
other parameters like sensor size, response time, power
consumption, temperature dependency, and linearity should
be taken under consideration. From this perspective, it is
evident that numerous weak magnetic field sensors are
accessible; however, the selection of sensors depends on the
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specific application at hand. For an NV center, the most
important parameter is its performance at room temperature.
While usually in CW-ODMR, the NV center sensitivity lies
around nT/+4/Hz, and there is room to improve the sensitivity
by introducing pulsed-ODMR (Rabi and Ramsey methods),
selecting appropriate imaging techniques, enhancing the
readout fidelity, and eliminating noise sources like laser
intensity fluctuations, phase noise, thermal noise to achieve
subpico tesla range.'*” In their report, Wolf and his co-workers
have demonstrated that subten pico tesla sensitivity could be
achieved inducing different pulsing schemes and eliminating
noise sources like laser fluctuations, phase noise, thermal noise,
and readout fidelity. However, in the original published paper,
they mentioned a sensitivity value of 0.9 pT/+/Hz.
Subsequently, the same group has included an erratum to
justify their overestimated value of sensitivity by an order of
magnitude. The error originated from the averaging over a
measurement time of 100 s, which was wrongly considered
during the calculation of Allan deviations. This led to an error
of \/ 100 = 10 times. It may be noted that in recent works flux
concentrators have been used to achieve a sensitivity of the
subpico tesla range. However, Fescenko et al. have reported
sensitivity values of 0.9 pT/ \/ Hz in diamond magnetometry
using a 200 mW laser by employing ferrite flux concen-
trators.' ">

5.1. DC and AC Magnetic Sensing. Quantum sensing
utilizing an NV center can be classified into two primary
categories: AC magnetometry (identification of narrowband
time-varying signals, typically at frequencies around 10 MHz)
and DC magnetometry (detection of broadband DC signals or
magnetic fields changing gradually). The DC sensing method-
ology primarily considers utilizing two distinct techniques:
CW-ODMR (Continuous-Wave Optically Detected Magnetic
Resonance) and Pulsed-ODMR employ both z-pulse and
Ramsey sequences. On the other hand, a sophisticated Ramsey
magnetometry approach denoted as an Echo sequence
(alternatively recognized as Han-echo or Spin—echo) is
utilized for AC sensing. Some essential parameters that govern
the sensitivity are named dephasing time T%, coherence time
T,, spin relaxation time T, and detuning factor Av.

Moreover, the sensitivity of both AC and DC mechanisms
depends on several variables, including the diamond size
(whether it is nanodiamond or bulk), the characteristics of NV
centers (whether they’re single or in an ensemble), and their
positioning (whether they're on the surface or internally
embedded). Furthermore, resonant optical and microwave
excitation, readout techniques, and an imaging approach
radically influence the sensitivity of the overall system.

Thus, when dissecting the fundamental pillars contributing
to the sensitivity of NV centers, we can identify five key
parameters: Diamond Structure, Optical Excitation, MW Field,
Readout Finiteness, and Imaging Techniques. Each of these
pillars plays a vital role in shaping the sensitivity and
effectiveness of NV center-based quantum sensing.
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5.2. Microwave Control. The precise manipulation of the
microwave (MW) field’s coherence (coherent MW control)
stands out as a crucial factor in harnessing the NV center’s
potential as a quantum sensor. In conventional ODMR for an
NV center, the population is transferred from the m, = 0 to m;
= + 1 state in the A, multiplet with a resonant MW frequency
of 2.87 GHz (D). This whole picture of NV spin can be
demonstrated geometrically using a Bloch sphere where the
population of m; = 0 is, and the m; = —1 state represents the
two-level system along the z-direction, and the azimuthal angle
represents the phase. In simple terms, if the applied magnetic
field is at a resonant frequency along the z direction, the NV
electron spin state vector coincides with the direction of the
exerted magnetic field.

The sensitivity of an ensemble of N spins in a diamond for a
Ramsey magnetometry is given by,

. __h 1 1
Ramsey ~ AmsgeMB ,—NT e_(T/Tj)p

[+ 7+t
T

signifies the spin projection limit,

ensemble

1+
C*n

avg

©)

1
Amng‘B VNt E*(T/Tf)p

the spin dephasing, (1 + Czl defines the readout, and
Mavg
[A*T* % represents the overhead time.'”
T

5.3. Continuous Wave ODMR. Continuous wave ODMR
is one of the most popular and frequently implemented
approaches for observing photoluminescence spectra, where
the optical excitation and the MW field are applied in parallel.
Due to continuous green laser excitation, the NV center spins
populate at the m; = O state; however, the ongoing resonant
MW shifts the spins at the less fluorescent m; = + 1 state,
resulting in a dip in the resonant frequency in the fluorescence
spectra.

The sensitivity of the CW-ODMR procedure is given by,

- 4 h Av
33 gy CawVR @

where, g, is electrons gyration factor, y3 is the Bohr magneton,
Ccw represents the continuous-wave contrast, R is the photon
detection rate, and Av is the frequency detuning.'”’

When it comes to high-sensitivity applications, CW-ODMR
is not advised because of poor sensitivity (around T/ \/ Hz).
Yet, the application of pulsed magnetometry (using Ramsey or
Han-echo sequence), pulsed laser, or AOM (Acousto Optic
Modulator) excitation, beam shaping, and improvement in
spin readout methods can enhance the sensitivity even further.

5.4. Pulsed ODMR. As discussed, the transition of spin
population can be driven with continuous excitation in CW-
ODMR, and to increase the sensitivity, a pulsed approach of

where is
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Figure 10. Various pulsed ODMR approach. a) & pulsed and b) Ramsey magnetometry for DC field sensing, c) Hahn-echo sequence for AC

magnetometry.

resonant MW is applied. If m, = 0 and m, = —1 states are two
poles considered as 10) and I1) simultaneously in the Bloch
sphere along the z direction, a m-pulse rotates the NV spin
around the x or y axis in the xy-plane inverting the population
from 10) to 1) and vice versa, whereas a 7/2-pulse causes a
rotation transferring the spin population on the x—y plane,
preparing a superposition state. To determine the time scale of
MW pulse duration (# and 7z/2-pulse), it is necessary to
measure the Rabi frequency (€2g). A feedback approach is used
to calculate the Rabi frequency where the NV spin population
is initialized at the 10) state, with constant amplitude MW and
duration 7 and measuring the photoluminescence. The steps
are repeated with various 7 values each time. As a result,
information about the exact time duration to rotate the spin,
half (w-pulse), and quarterly (&/2-pulse) rotations on the
Bloch sphere can be obtained.

In conventional pulsed magnetometry, pulsed MW is
applied in the absence of optical excitation. For instance, an
initial laser pulse of very short duration is applied first, followed
by the MW excitation pulse and finally with a readout optical
pulse. It is recommended that multiple measurements of the
readout data be taken to ensure optimal control.

However, commonly two main approaches are considered in
pulsed magnetometry; m-pulse and Ramsey sequence. The 7-
pulse reduces the fluorescence maximally while rotating the
spin from the mg = 0 to m; = —1 state. On the other hand, the
traditional Ramsey sequence is slightly different compared to
7-pulse where initially a zz/2-pulse is applied that rotates spin
on the xy-plane. Here, the spin state precesses on the azimuthal
plane, driven at the detuning frequency Av for a duration of 7.
After that, another r/2-pulse turns the spin (with the extra
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phase obtained for the period 7) completing a total 7 rotation,
followed by the readout pulse.

In Ramsey magnetometry, as the extra phase information,
obtained due to precession on the xy-plane, increases parallel
with the sensing interval 7, the overall sensitivity increases.
Compared to CW-ODMR, Ramsey measurement offers better
accuracy in measuring magnetic sensitivity but is limited by the
dephasing time, T¥.

The sensitivity for a Ramsey-type NV center ensemble is

given by,
[+ 7+ tg
T
©)

where # is spin initialization time, 7 precession time, t
measures the readout, and C is contrast, which, in a reduced
way, shot -noise-limited Ramsey sensitivity is expressed as,

ensemble,shot h 1 1
famsey Amg iy VN ce=@/T)"

e 8 h 1 t+ Ty + ty
pulsed 3 ﬁ g My Cpulsed‘/ﬁ T;k

(6)

When it comes to AC magnetometry, a specialized Ramsey
sequence, Hahn-echo, or spin-echo is implemented where in
addition to Ramsey, an additional z-pulse is applied in
between the 7/2-pulses followed by 7 duration, which on
another note increases the sensitivity even further. All of these
pulse-modulated MW signals are delivered with the help of IQ
modulation. An essential shortcoming of CW and pulsed
ODMR methods is that both are constrained by the coherence
time T, and dephasing time T%. Other advancements like

1,126
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dynamical decoupling'”’~"** and spin-bath'**"*" driving can

also be applied further to cope with these shortcomings.

While CW ODMR is primarily used for DC magnetometry,
the purpose of using pulsed ODMR is for AC sensing. Looking
at the advantages of CW-ODMR, it is the most convenient
approach in NV sensing, where the laser and the MW
excitation are applied simultaneously. Compared to the pulsed
approach, it is easy to implement because there is no pulse
technique involved. Despite the simplicity, continuous wave
ODMR suffers from some disadvantages also. The continuous
laser and microwave excitations deteriorate the measurement
sensitivity. The readout fidelity is not that good. The
fluorescent line width is much broader. Apart from that, they
also suffer from optical and microwave power broadening.

However, pulsed ODMR has its advantage in terms of
sensitivity. The protocol involves providing a laser pulse for
initialization, followed by a MW z-pulse and a laser readout
pulse. With the appropriate Rabi frequency, the pulsed method
provides better sensitivity compared to CW-ODMR. Also, a
decreased line width can be achieved.

In Ramsey magnetometry, a sophisticated pulse technique is
used, where the NV-spin freely precesses in the absence of
laser and MW excitation, acquiring a phase due to interaction
with the external magnetic field. This is achieved by providing
a precession time between two 7/2 — MW pulses. By varying
the precession time interval and taking multiple readings, it is
possible to determine the external field from multiple phase
accumulated signals. The Ramsey technique is more efficient
instead of pulsed and continuous wave due to its flexibility to
adopt other methods like spin—echo and decoupling sequences
to optimize the dephasing in AC magnetometry.

There is a chance of environmental perturbations during free
precession in Ramsey magnetometry. So, to avoid that, a 7-
pulse is embedded in the middle of two 7/2 — MW pulses in
the Hahn Echo or Spin Echo sequence. Due to this, the
dephasing time exceeds the decoherence time, which in this
case improves the sensitivity for AC magnetometry. It is also
possible to detect a higher frequency ac magnetic field with the
Carr—Purcell-Meiboom—Gill (CPMG) protocol where more
than one z-pulses are introduced like the Ramsey method. It
may be noted that the sensitivity also depends on the diamond
size (bulk or nanodiamond), single or ensemble of the NV
center, NV center position (on the diamond surface or inside).

Table 1. Magnetic Field Sensitivity Based on Various
Protocols in DC and AC Magnetometry

Sensitivity to B in parallel to NV axis

Protocols with typical frequency Typical Sensitivity

Cw- 10°-10' Hz pt—nT//Hz'25'132
ODMR

Ramsey 10°-10° Hz pt—nT//Hz 2513

Echo 10°—10% Hz nt—pT/ \/HZ38,125,132
sequence

CPMG 10’-10* Hz nt—pT//Hz! 2513133

5.5. Optical Excitation of NV Color Centers. To excite
the NV centers, a 532 nm green laser is applied with some
intensity. Therefore, with an increase in intensity, there is a
higher probability of electrons to jump from the *A, state to 3E
state quickly. This relation is given by, I' = Io, where, the
optical pump rate I” represents the probability of absorption by
the NV center from the cross-section area ¢."’*'*° After
excitation, the spins decay either by radiative or by non-
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radiative. There are multiple factors in optical excitation
(frequency modulation, pulsed laser source, and beam
shaping) that can be introduced to improve the sensitivity of
the sensor.

5.5.1. Acousto-Optic Modulation. Using the AOM, we can
modulate the frequency and intensity of the laser. Also, for
pulsed based ODMR, initialization and readout pulses are
provided for excitation and data acquisition with a time delay.
It is useful to use AOM to generate a pulsed output. So,
including AOM in the experimental setup for NV magneto-
metry can be beneficial as pulsed sensing delivers better
sensitivity rather than continuous wave.

5.5.2. Beam Shaping. When a laser is applied to the sample,
the laser intensity is not equally distributed all over the beam
width. Usually, laser intensity has a Gaussian distribution,
which clearly shows that it has an inhomogeneous distribution
over the sample. For ensemble magnetometry, if the applied
laser is homogeneously spread over the sample, it is seen that
the homogeneity predominantly improves the overall signal-to-
noise ratio (SNR).136

5.5.3. Readout Fidelity. The photoluminescence is con-
verted into electrical signals for counting by SPADs, which
basically convert photon energy into electrical signals. But
there is no surety that photons impinging on the detector are
actually absorbed and converted into electrical signals. This is
known as the shot noise. Also, to get an adequate readout, it is
extremely necessary to get satisfactory count rates for a
sufficiently good signal-to-noise ratio (SNR). So, readout
fidelity basically explains how fast we can read our
experimental data without introducing noise. Multiple
techniques can be used to mitigate the noise sources like
lock-in-detection and CMR (common mode rejection for laser
noise), improving the detector quality and imaging processes.
Different readout methods like spin-to-charge conversion
(SCC) readout,"** photoelectric readout, and level-ant cross-
ing-assisted readout can be obtained which helps to increase
the readout fidelity.

6. IMAGING TECHNIQUES

While there are multiple imaging mechanisms existing,
practically some of them are to be considered important,
particularly in NV sensing, widefield magnetometry, and scan
probe magnetometry. Widefield is most commonly used,
whereas scan-probe is the most complex approach at this time
providing a spatial resolution of around 50 nm. Below each of
the imaging methods, it is briefly explained.

6.1. Widefield Imaging. The widefield approach typically
shows a spatial resolution of about 400 nm, and it is commonly
used in diamond magnetometry.'*® A key advantage of using
widefield if applied in ensembles of NV centers shows much
better sensitivity.”””"*® In this method, the NV center
ensembles on the diamond surface are excited with a green
laser, and the surface is imaged with a CCD camera
simultaneously. The 3D magnetic field captured from the
surface can be utilized as vector magnetometry, which is
another advantage of widefield imaging. The images can be
improved with pulsed MW and employing spin—echo
sequences. Furthermore, with the help of decoupling,
dephasing can be improved with the sensitivity acquired
around nT/ \/ Hz.

Some of the primary specifications of using widefield
imaging with an ensemble of NV centers can be listed as
high spatial resolution, field sensitivity, and vector magneto-
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Figure 11. Schematic of experimental setup for widefield magneto-
metry.

metry which makes widefield ensemble magnetometry ideal for
bioimaging applications, MRI, and microscopic imaging.”’g’140

6.2. Scanning-Probe Magnetometry. Scan-probe mag-
netometry is one of the most sophisticated techniques which
even surpasses the so-called confocal imaging because of its
ability to probe magnetic fields.'*"'** To achieve a good
spatial resolution, the NV center must be on the surface of the
diamond sample, which is achievable with different available
techniques. However, the main problem faced during wide-
field is the optical diffraction limit that keeps the resolution
within bounds, whereas in scanning, it is possible to overcome
this with the help of AFM (atomic force microscopy) which
further increases the resolution. Here the sample is attached to
the AFM tip so that the spatial resolution can be achieved with
proximity, sometimes the a scanning distance of >100 nm in
nanodiamonds from the surface. Moreover, when applied to
nanodiamond magnetometry, some drawbacks on single NV
can be seen due to the short coherence time and instability on
the surface. However, some recent publications claim scanning
magnetometry based on monolithic diamond nanopillars with
single NV centers shows much better sensitivity.
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Figure 12. Schematic of scanning-probe magnetometry.
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Also scanning magnetometry can be implemented to pursue
further research on other parameters like charge transports and
high-temperature sensors.””">

As we indulge in a brief discussion about different imaging
techniques, it is always advisible to select the imaging
technique properly based on our application suitable for it.
There are always ways to improve the field sensitivity and
spatial resolution to get genuine data, and a proper survey
should be done from available research ensuring tools and
techniques, methodologies, and effectiveness before jumping
into the application.

7. DIAMOND COLOR CENTERS FOR ENERGY
APPLICATIONS

Describing all of the applications of nitrogen vacancy centers in
diamond is beyond the scope of the present review. Thus, in
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Figure 13. Sensitivity of a magnetic criticality enhanced Gd-FND
temperature sensor. (a) Sensitivity of the hybrid sensor at various
temperatures. The red dots are the sensitivity determined by equation
(a2) using the experimentally measured photon counts, ODMR
contrast, dw/dT and spin resonance width Aw@. The laser power is
chosen such that the photon count is 6 Mps. The optimal sensitivity
~7.3 mK/ \/Hz is achieved at TC = 19 °C. Frequency shift of the Gd-
FND sensor as a function of temperature under an external magnetic
field of 100 G. (b) Standard deviation of temperature measurement as
a function of the data acquisition time for various photon counts (due
to different laser powers) using the three-point method. The slopes of
the curves give the shot-noise-limited sensitivity of the hybrid sensor.
The green dashed line corresponds to the temperature stability of the
incubator. Adapted from ref 148. Published by the American Physical
Society under the terms of the Creative Commons Attribution 4.0
International license.

this article, we focus mainly on the energy-related applications
of diamond-based sensors having optically addressable defects.
From the existing literature, we have categorized three major
emergent sections where various properties of diamond-based
sensors could be exploited, viz. (i) oil and gas industry, (ii)
battery research, and (iii) photovoltaics.

7.1. Oil and Gas Industry. Oil and gas (exploration)
industries use various sensors to acquire subsurface data, which
is helpful in predicting the nature and capacity of the reservoir.
Apart from subsurface exploration, multimodal sensors are
used in long pipelines to transport oil and gas. These sensors
are used to maintain the integrity of the pipelines, temperature
in the transformers, etc. However, existing sensors employed in
industry face challenges in terms of precision, rate, and
consistency. Quantum sensors show great promise in this
regard due to their ability to detect the smallest variations and
can revolutionize the oil and gas industry.

It may be mentioned that superconducting quantum
interference devices have shown potential for detecting
magnetic fields. For instance, Bal et al.'® have fabricated
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the hybrid nanothermometer at different environmental temperatures (from 298 to 324 K from bottom to top). (d) ODMR frequency shifts in the
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sensors that can detect a magnetic field on the order of pT.
However, they are normally expensive and lack dynamic range.
Thus, diamond quantum sensors can be an alternative as they
do not have the temperature constraint and have a better
dynamical range. Ultrahigh sensitivity vector magnetometers
can be fabricated using quantum diamonds, which can be used
for pipeline monitoring. For instance, highly sensitive diamond
quantum magnetometers can be used to detect the change in
the magnetic field due to certain variation in the flow of oil/gas
inside the pipeline, which can raise an alert about a potential
leakage in the pipelines.

Quantum sensing has made an important contribution in the
oil and gas industry. In the fossil fuel industry, quantum
sensors can precisely map resources underground for discovery
and recovery, this means scrupulously locating oil and gas
reservoirs buried deep underground.'** Compared to tradi-
tional exploration methods, quantum magnetometers and
gravimeters are used to detect magnetic variations under-
ground, by means of identifying resources underground.'*
Also, detailed maps of resources distributions are possible by
deploying quantum sensors."*

Discovering a reservoir, a crucial challenge is to monitor it,
which means tracking changes in pressure, temperature, and
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fluid flow. Not only in reservoir monitoring but also in
refineries and long-distance transportation systems, a rise in
temperature and pressure and potential leakage can damage
the system. Quantum sensors, withstanding all challenges and
extreme conditions, can precisely monitor and maintain these
parameters, ensuring the integrity of the system and also
minimizing environmental impacts.

While NV centers and SQUIDs both can detect magnetic
fields at high precession, an advantage of using an NV center is
that it can be used to measure the temperature also. As
reported in 2010,'% the zero-field splitting changes with
temperature (in the 280—330 K range) with a coefficient of
around —74 kHz/K. Temperature sensors are crucial for the oil
and gas industry because they ensure that everything is
working properly, providing safety measures in reservoir
monitoring, refineries, and transportation systems.

Recent experimental work has demonstrated the capabilities
of using NV diamond sensors for measuring various quantities.
For instance, Toyli et al. have achieved 10 mK Hz /2
sensitivity by monitoring the spin-dependent photolumines-
cence from NV centers in diamond."*” By using dynamical
coupling schemes, the spin coherence times have been
enhanced by 45-fold indicating that these sensors can be
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Figure 15. Determination of small current provided by reference
source, a) current pulses supplied to busbar, 100 mA — 1 mA, b)
resonance frequency difference (RFD) measurement from two
sensors during daytime in a noisy environment, c) improved RFD
measurement during midnight achieving around 1 mA accuracy
[reprinted from ref 157 under a Creative Commons Attribution 4.0
International License].

leveraged for measuring local temperature with great precision.
In another note, Wang et al. have demonstrated (Figure 13)
sensitivity of a hybrid nanothermometer consisting of Cu-
based nanoparticles and nanodiamond, which has shown
sensitivity of 11 mK/ \/ Hz under ambient conditions."**

The measurement scheme has been improved further by Liu
et al. achieving a sensitivity as high as 76 uK/+/Hz by using
nanopillar arrays with NV centers (Figure 14)."""

One of the drawbacks in the NV-based thermometry is the
requirement of microwave excitation. This may lead to
unwanted heating, which might be detrimental for the sample.
To overcome this drawback, the silicon-vacancy (SiV) and
germanium-vacancy (GeV) color centers in diamonds have
recently been explored and have shown good optical
temperature sensitivity owing to the temperature dependent
wavelength optical zero-phonon line."*” For instance, Choi et
al. have used SiV in nanodiamonds to achieve an intrinsic noise
floor of 13 mK Hz V/2."3" On the other hand, Fan et al. have
employed a GeV-based sensor demonstrating a resolution
below 0.1 K in a wide range of temperatures.">” Recently,
Alkahtani et al. have reported tin-vacancy (SnV) color center
in diamond-based thermometry with a sensitivity better than
0.2 K in 10 s integration time."*® In addition, diamond-based
sensors are inert under chemical treatment, can be used under
high pressure conditions, and can work at high temperatures
(>250 °C). Thus, color centers in diamond may serve as the
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best platform highly efficient thermometers for oil and gas
industry which demand cost-effective robust thermometers for
various applications like monitoring temperature in trans-
former/power grids, maintaining safety during coal mining,
monitoring temperature in oil refineries, integrity of gas
pipelines, etc.

7.1.1. Magnetic Anomaly Detection for Oil and Gas
Exploration. There are other sensitive magnetometers with
higher sensitivities that are being used for magnetic field
detection. For instance, SQUID magnetometers are capable of
detecting magnetic fields below 0.1 pT. However, they cannot
be used for vector field measurement. In addition, the
requirement of cryogenic temperatures makes the equipment
complicated to operate. On the other hand, fluxgate magneto-
meters are limited by the noise generated by the thermal
conductor (1 nT). Hall effect sensors suffer from poor
resolution (0.1 ¢T). Thus, quantum diamond magnetometers
can be a good alternative to the aforementioned sensors. The
optically addressable spin states can easily be used to detect the
magnetic field under ambient conditions.

It may be noted that detection of the magnetic anomalies in
Earth’s magnetic flelds needs a calibrated magnetometer by
sensing the permanent and induced magnetic field generated
by the vessel. Without this knowledge, it is extremely difficult
to detect crustal anomalies, which are extremely important to
oil and gas exploration. Recently, Frontera et al. have used
quantum diamond vector magnetometers for shipboard
calibration purposes.'>® In another note, attempts have been
made by Fleig and Frontera to map maritime magnetic
anomalies.">»">* These works demonstrate the potential of a
quantum diamond magnetometer for oil and gas exploration
and the possibility of employing these magnetometers for
navigation purposes in the absence of a GPS signal.

7.2. Battery Research. Today’s transport industry is
making a transition from adopting fossil fuels to batteries in
electric vehicles (EVs). This must be supported in-operando
by accurate monitoring of the state of charge (SOC) of the
battery which provides information about battery efficiency
and other related parameters.155 Thus, it is exigent to have
access to an accurate sensor that can sense the currents with a
high dynamic range (from 10 to 100 A)."*° On the contrary,
typical accuracy of commercially existing devices is about 1 A.
Hence, in this regard, diamond-based quantum sensors can
play a major role by offering a better dynamical range.

One of the advantages of NV sensors is that they can also be
used to measure the current of batteries very precisely in EV
automobiles. In current EV automotives, the busbar technol-
ogy is used instead of using cylindrical conductors, where the
power is transmitted with thick rectangular shape conductors
which are space efficient, good for high voltage application, and
better in heat dissipation compared to cylindrical wires. As the
current passes through the busbar, it generates a magnetic field
outside the busbar. If the current passing through the bus bar
changes, the magnetic field outside the bus bar also changes.
The NV sensor, placed outside the busbar, is used to precisely
measure this magnetic field, which basically provides accurate
information about the current inside the busbar.

In general, a standard 4-wheeler EV can take around 130 A
current, while on average it comes around 15 A. In terms of
current sensors, their precise detection becomes -crucial,
specifically in noisy automobile environments. As discussed
by Hatano et al,'>” a “Busbar Current Differential Detection
System” is developed, where two sensors, placed at two sides of
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Figure 16. NV-based nanoscale scanning electrometry and quantitative estimation. (a) Schematic graph showing the simple triangular-tip model
with a spherical tip apex. E; and E; (green lines) are projected onto a NV with a depth of d at a tip height of h. During the simulation, we set &4 =
5.7 for the diamond material. Inset: Scanning electron microscope (SEM) image of FIB-treated tungsten tip. Scale bar: 1 ym. (b) Scanning field-
gradient imaging obtained at —16 V with an ODMR set point of 700 kHz. The dashed arrows reflect the direction and magnitude of field gradient.
(c) Scanning field-gradient imaging of the tip under different biases. AFM set point: Afygy = +10 Hz. Pulsed-ODMR set point: Af = 400 kHz. (d)
Simulated field distribution along the surface normal (E,) from the triangular-tip model (a) with a side length of 220 nm, apex radius of 30 nm, h =
1 nm, d = 5 nm, and bias = —150 V. A field strength as large as 14.1 MV cm™" can be experienced by the NV. (e) Simulated scanning-field gradient
image at the bias = —10 V. The ODMR set point is set to be 700 kHz. The nonspherical shape arises from both the triangular tip and the fact that
NV axis is not perpendicular to diamond surface. Scale bars in b, d, and e are 100 nm. (f) A series of simulated scanning gradient-field images under
the same geometric parameters as in (e), demonstrating a precision of 13.9 nm for positioning the NV underneath.'®” Permission under the terms
of the Creative Commons Attribution 4.0 International license.

a busbar, measure the magnetic field. In this way, the accuracy frequency modulation mode, the authors could extract the

of 10 mA was achieved with a maximum current measured up electric field gradients with high spatial resolution.'®’

to 130 A. With analog and digital control of the microwave On another note, Hollendonner et al. have shown that

frequency, a large current measurement system is also reported nanodiamonds with NV centers work as in situ electric field

in a noisy environment. sensors inside liquid electrolytes. They have demonstrated
For instance, batteries suffer from the problem of formation methodology for both static and moving nanodiamond sensor

of solid-electrolyte interfaces or lithium plating that deterio- inside the electrolyte.'"!

Zhang et al. have performed nondestructive tests on small
solid-state batteries by employing a microwave-free alternating
current magnetometry technique.'®> Negatively charged NV
centers in diamond having a specific cross-relaxation character-
istic between NV centers and individual substitutional nitrogen
centers occurring at 51.2 mT have been utilized to detect the
eddy-current induced magnetic field of the battery.'"

In order to enhance the cruising mileage and extend the
lifetime of batteries, recently, Kubota et al. have fabricated a
NV diamond sensor which can be used in electric vehicles

rates the lifetime of the battery.*®'*® Thus, to monitor the
changes in the electrolyte at the molecular level, one needs an
in situ sensor with high spatial and temporal resolution.'*® As
discussed earlier, the NV center in diamond is capable of
measuring dc and ac electric fields and magnetic fields with
great precision and sensitivity.*>'*” Measurement of the
electric field distribution in electrolytes during battery
operation can be the key to enhancing battery performance.
Recently, Bian et al. have employed individual shallow NVs in

diamond to quantitatively image electric field contours from a (EVs) of dimension 1 X 1 X 0.5 cm® containing a high-
sharp tip of a qPlus-based atomic force microscope (Figurﬁ pressure and high-temperature (HPHT) synthesized diamond
16). They have achieved a spatial resolution of ~10 nm."’ with NV centers and multimode fiber.'> The quantum sensor
This scanning electrometry work opens a new area for applying has demonstrated a current resolution of 10 mA over —150 to
single quantum sensor for mapping charge and polarization of 150 °C temperature range with a bandwidth of 500 Hz under
electric field at nanoscale resolution. In this work, NV centers ambient conditions.
were created by ion implantation close to the surface region 7.3. Photovoltaics. Today’s green energy sector is largely
(5—10 nm depth). Conductive AFM probes were brought to a dependent on the photovoltaic (PV) technology which
specific fluorescence spot, and by using a qPlus sensor in requires sophisticated characterization techniques to explore
2385 https://doi.org/10.1021/acsomega.4c04406
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Figure 17. Imaging PV cells with a quantum diamond microscope. (a) Schematic of the experiment. A diamond containing a thin N—V layer is
placed on top of the PV cell. The PV cell is stimulated with an infrared laser (pink dashed beam), while the N-Vs are controlled with a green laser
(green beam). The N-Vs are readout via their photoluminescence (red beam) onto a camera. Magnetic imaging is achieved through measurement
of the N—V’s magnetic resonance in a process termed optically detected magnetic resonance (ODMR; inset). (b) Measurement geometry. The PV
laser excites a current in the device (black arrows), which produces a magnetic field that is measured by the proximal N—V layer. Excited charges
are collected selectively at the hole/electron selective contacts (H/ESC). (c) Photograph of diamond sensing chip on top of custom silicon PV
device. (d) Wider view of sensing geometry, showing the microwave (MW) loop. Adapted with permission from ref 166. Copyright 2022 APS.
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Figure 18. Mapping photocurrents inmonolayer MoS, with NV centers. (a) Experimental setup. A monolayer MoS, sheet is transferred onto a
diamond sample hosting a near-surface ensemble of NV centers. An excitation laser (661 nm) generates a temperature distribution Ty within MoS,
that drives a circulating photocurrent distribution J. The NV center senses the local magnetic field produced by the photocurrents and is optically
readout by a separate probe laser (532 nm). DC1/DC2—dichroic mirrors at 550/685 nm; BP—bandpass (690—830 nm). (b) NV center in the
diamond lattice. We address the subset of NV centers aligned with the [111] direction. (c) Energy levels of the NV spin triplet as a function of B,
the magnetic field parallel to the NV axis. Resonant microwave pulses (rf) manipulate an equal superposition of the m, = 10> and |—1> states for
phase acquisition. D—zero-field splitting. (d) Optical micrograph of monolayer MoS, on a diamond after vacuum transfer. To enhance optical
contrast, this micrograph is taken prior to cleaning off a poly(methyl methacrylate) (PMMA) support layer. (e) Room-temperature PL image of the
boundary between monolayer MoS, and bare diamond, containing single NV centers. (f) Room-temperature PL spectrum of monolayer MoS, and
an ensemble NV sample under 532 nm illumination. The photoexcitation wavelength (661 nm) is longer than the NV zero-phonon line (ZPL; 637
nm) to minimize optical excitation of the NV center. The orange-shaded region depicts the collected PL for the NV spin readout. Adapted from ref
168. Published in 2020 by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license.
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new materials and devices.'®* However, PV cells with higher
efficiency suffer from carrier recombination issues and shunt
resistances. These bottlenecks can be identified with a spatially
resolved characterization technique apart from light beam
induced current mapping (LBIC). Although LBIC is non-
destructive, it needs a fully contacted device and lacks the
quantitative information about localized carrier recombina-
tion.'® In this regard, a quantum diamond microscope can
play an important role in spatially identifying the defects in the
PV module. For instance, Scholten et al. have employed a
widefield nitrogen-vacancy microscope to monitor the currents
induced by light in a silicon PV device (Figure 17).'® The
authors have achieved micrometer-scale resolution (identifying
the internal current paths) of vector magnetic field imaging
when the device has been illuminated with a focused laser
beam. In addition, a time-resolved methodology has been
implemented to image photocurrent build-up under illumina-
tion with microsecond resolution.'®’

In terms of imaging techniques, magnetic current imaging
(MCI) using diamond quantum sensors has shown its
potential in various applications. For instance, Nowodzinski
et al. have described the use of a wide-field imaging technique
using NV centers in diamond for current imaging at the
redistributive layer level of integrated circuits. In addition, the
implementation of vector magnetic field measurement for the
MCI (with a reported resolution of 0.5 mA) calculation can be
done at room temperature and atmospheric pressure.'®” This
approach is quite relevant in studying packaging artifacts in
solar cells.

As discussed earlier, accurate detection of photocurrent lies
at the heart of optoelectronics devices and can be beneficial in
understanding the light matter interaction. In this regard, a
quantum diamond microscope can be unitized to image the
photocurrent distribution within a material. For instance, Zhou
et al. have developed a contact-free method detect photo-
current distributions quantum magnetometers for monolayer
MoS,."*® In fact, by employing near surface NV centers in
diamond, they have obtained a map of photothermal current
distribution withing the 2-dimensional material. Their
improvised technique successfully acquires a two-dimensional
current density (having micron-sized photocurrent vortices) of
20 nA/pum with a projected sensitivity of 200 nA/(,um\/Hz)
(Figure 18).'°® The spatiotemporal capabilities of the sensor
have been further fortified by probing the rise time of the
photocurrent.'*®

8. CONCLUSIONS

The influence of energy sectors in today’s society spreads over
all spheres including research and development, invention,
manufacturing, transportability, and data processing. The need
for developing green or renewable energy sources to mitigate
pollution related issues is now at the forefront of research
topics. In this work, we have discussed the relevance of
quantum sensors in light of energy-related applications. Among
various sensors, color centers in diamond are extremely
important due to the presence of an optically addressable
spin state and the possibility of room temperature operation.
As an example, we briefly highlighted the methodology of
magnetic field sensing using NV centers in diamond. We have
identified three sectors, viz. (i) oil and gas industry, (ii) battery
research, and (iii) photovoltaics related to energy applications
where the quantum diamond sensors have practical advantages
over existing sensors. The precision measurements with these
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sensors can be employed to detect leaks in oil and gas
pipelines. Nanodiamond based thermometry can be used as
new tools for monitoring temperature in the power supply
units or battery temperature in electric vehicles. In addition,
quantum diamond sensors can also be utilized to enhance the
efficiency of photovoltaic cells by identifying current paths with
high spatial resolution. Since their inception, quantum
diamond sensors have not been free of challenges. For
instance, mass production of various types of diamond is still
lacking, which makes the quantum material quite expensive.
Efficient conversion of NV centers after incorporating nitrogen
into diamond is a topic of further research. In addition, efforts
are required toward more industry-academia collaboration to
deploy the product from laboratory testbed to real-world
scenarios. Development of new protocols for improving the
sensitivity of diamond-based quantum sensors is ongoing, and
field deployable, cost-effective, commercial sensors can be
anticipated in the near future.
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