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Abstract

This study explores the luminescence properties of color centers in single-crystal
diamond needles synthesized via chemical vapor deposition and their potential for all-
optical sensing applications. The theoretical part is dedicated to the fundamentals of
quantum sensing for different modalities, with the focus on all-optical approaches
using diamond color centers. Current achievements and limitations are reviewed, and
it is proposed to expand the diamond-based sensing platform by investigating color
centers beyond the well-studied NV~ and SiV~ defects.

The methodological part introduces a pipeline developed in this work for
estimating the concentrations of NV charge states through spectral decomposition
based on non-negative matrix factorization. Another section addresses the influence
of gas composition during chemical vapor deposition growth, specifically the methane
content in hydrogen-based mixtures, on the formation and optical properties of color
centers. This part results in the identification of methane concentration windows that
can be used to control NV charge state incorporation in single-crystal diamond needles.

The experimental part focuses on all-optical thermometry and magnetometry
using 389 nm and 468 nm color centers. The results demonstrate the feasibility of
these less-explored centers for quantum sensing through characteristic optical
signatures, thereby highlighting their potential as promising alternatives or extensions
for future diamond-based quantum sensing technologies.

Keywords: quantum sensing, all-optical thermometry, all-optical magnetometry,
diamond needles, color centers, photoluminescence, lifetime.
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1 Introduction

Throughout the whole period of modern technical development, diamond has been
playing a pivotal role in numerous applications, such as cutting and drilling tools in
heavy industry due to its unrivaled hardness [1,2], thermal management in high-power
electronics because of its exceptional thermal conductivity [3,4], and chemically inert
coatings for microelectronics, biomedical devices and other applications demanding
outstanding chemical stability [5,6].

Using diamonds in a fundamentally new way — specifically in photonics and
guantum sensing — started in the second half of the 20th century, when their potential
for hosting optically active point defects — color centers — began to be studied [7,8].
The first studies of point defects in natural diamond date back to the 1950s, when
nitrogen impurities were identified as major lattice defects [7]. In parallel, the high-
pressure high-temperature (HPHT) synthesis of diamonds gained momentum,
increasing their availability, while studies confirmed that nitrogen-related centers
similar to those in natural diamonds could also be found in these HPHT crystals [9].
Later, with the development of chemical vapor deposition (CVD) techniques in the
1980s, researchers gained even more control over defect incorporation [10]. By that
time, it was also feasible to examine point defects’ optical and spin properties using
photoluminescence (PL) spectroscopy and electron paramagnetic resonance (EPR) [8],
thereby laying the foundation for the progress of future diamond-based quantum
technologies.

One of the landmark works was issued in 1997, when Gruber et al.
demonstrated optically detected magnetic resonance (ODMR) at room temperature
from a single point defect, containing a nitrogen atom and a vacancy — NV center, and
practically launched the direction of diamond-based quantum sensing field [11].

Later, in the early 2000s, optical initialization and coherent manipulation via
microwave control of single NV center spins in diamond were successfully
demonstrated [12,13]. These advances established NV centers as viable solid-state
qubits and laid the foundation for their use in both quantum computing and quantum
sensing applications.

In 2008, Balasubramanian et al. in the work [14] demonstrated for the first
time that single NV (nitrogen-vacancy) centers in diamond nanocrystals can be used as
room-temperature magnetometers, allowing spatial mapping of magnetic fields at the
nanoscale.

As the introduction approaches more reliable applications and
commercialization, the 2012 article by Maletinsky’s group should be mentioned, in
which they fabricated the first monolithic all-diamond scanning tip with a single NV
center incorporated into a nanopillar — an important step toward practical sensor
integration [15].

The first direct mention of diamond as a platform in the context of all-optical
sensing not relying on microwave driving appears in the work of Sushkov et al. in 2013,
where the authors demonstrated the detection of a single-molecule electron spin at
room temperature using NV centers [16].

All mentioned research works, as well as many others, led to the



commercialization, patenting, and serial manufacturing of diamond-based devices,
and nowadays, several dozen companies are successfully operating in the field of
diamond-based quantum technologies, developing quantum sensors, photonic
components, and related applications [17-19].

Despite the described progress, state-of-the-art diamond-based quantum
technologies such as precise biosensing [20-22], theranostics [23], single-molecule
nuclear magnetic resonance (NMR) spectroscopy, external electron spin detection
[24], and many others continue to pose challenges in the synthesis of diamond crystals
with the required shape, size, color center species and their concentrations, as well as
surface properties tailored to specific applications.

One of such challenges is to obtain diamond structures with shapes that enable
both precise positioning and individual color center localization, thus allowing for high
spatial resolution in sensing and probing applications, or for use as single-photon
sources [25].

For these goals, single-crystal diamond needles (SCDNs), grown by CVD, have
been recently offered as a promising platform due to their high crystal quality [26] and
nanoscale tip curvature [27,28]. A key step toward integrating SCDNs into advanced
technologies is a comprehensive understanding of the optical properties of their
embedded color centers.

The formation of color centers in diamond as well as their properties are
largely influenced by crystal growth conditions, such as gas concentrations,
temperatures, substrates etc. and nowadays, many works are dedicated to the
problem of color centers engineering [29,30]. The main challenge here lies not only in
the large number of variable parameters, but also in the fact that nearly half a
thousand different color centers have been identified up to these days in diamond
[31], making it difficult to disentangle the specific influence of each condition on the
formation and behavior of specific color centers or their combinations. This challenge
is also applicable to the synthesis of SCDNs [32—34], and one of the tasks of this study
was to investigate how one of the mentioned parameters — gas composition —
influences the formation of luminescent color centers in SCDNs. Understanding the
influence of gas composition in SCDNs will enable the manipulation of the types,
concentrations, and charge states of color centers, advancing precise control over
luminescence properties in prospect sensing applications.

A quick review of current scientific research in the field of diamond color
centers and their applications shows that the majority of them focus on color centers
emitting from the yellow to IR range, with the most studied being NV°, NV-, and SiV-
with zero-phonon lines (ZPL) at 575 nm, 637 nm, and 738 nm, respectively [24,35-40].
The NV~ color center exhibits exceptionally long spin coherence times and room-
temperature stability, enabling remarkable results in nanoscale magnetometry and
biosensing [41,42]. The SiV-color center, in turn, demonstrating the narrow ZPL, short
fluorescence lifetime, and great value of optical stability, is also an object of numerous
works related to prospects of quantum sensing, photonics circuits, and quantum
communication systems [43,44]. There is no doubt that having the instrument allowing
to controllably integrate both described color centers into SCDNs’ structures would
make multifunctional sensing feasible, underlining the relevance and significance of



the present study.

Moreover, to enhance the multifunctionality of SCDN-based quantum sensing
platforms, exploring less well-known color centers that emit in the blue-green range
[31] is similarly appealing and has been identified as one of the goals of this study.
Therefore, the color centers with ZPL at 389 nm and 468 nm, which were also reported
to be present in SCDNs [45], were further analyzed regarding their formation
depending on different gas composition during SCDN growth and their feasibility for
performing various types of quantum sensing using their PL properties.

Therefore, based on the current challenges and state of research described
above, this study was aimed at pursuing the following main objectives:

. To investigate how variations in gas composition during CVD growth
influence the formation and optical behavior of color centers in SCDNs;
. To identify and study less-explored blue-green-emitting color centers

(with ZPL at 389 nm and 468 nm) found in SCDNs, and assess their formation conditions
and potential for all-optical sensing applications;

Besides the described tasks, and due to the necessity of analyzing PL spectra
of diamond needles containing various overlapping color centers, an additional
objective of this study was to develop and implement a signal decomposition algorithm
for disentangling the individual contributions of color centers into the overall PL signal.



2 Theoretical Background

2.1 Intrinsic properties of diamond and defect formation within its lattice

As an object of crystallography and materials science, diamond can be characterized
by a diamond cubic crystal structure [1]. To simplify the understanding, this structure
is often represented by two face-centered cubic (FCC) lattices that intersect and are
separated from each other along diagonal of the cube by % of its length (Figure 1). Each
carbon atom in such structure forms four sp® covalent bonds that are, in turn,
tetrahedrally arranged.

Figure 1. Diamond cubic structure represented as two FCC lattices intersected and
separated from each other along diagonal of the cube by % of its length (Adapted from Viktor
Hakansson Ingre, via Wikimedia Commons, licensed under CC BY-SA 4.0
https://creativecommons.org/licenses/by-sa/4.0/).

Being a crystal in a real environment, diamond inevitably incorporates
impurities, with the most common being nitrogen (carbon-substituting) and boron
[46]. One of the widely accepted classifications is based on these impurities content in
diamond and represented by the Type | / Type Il scheme. The classification is
comprehensively reviewed in [31], summarized below, and can be schematically
represented in a simplified way by Figure 2.
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Figure 2. Diamond types and their corresponding structure (Adapted from “Diamond
classification — the diamond types” [PDF], Gemmoraman (2019),
https://www.gemmoraman.com/content/uploads/2019/10/DiamondType.pdf).

According to this classification, the Type | diamonds group amount to ~ 98 %
of natural crystals, the lattice consists of nitrogen-related impurities, whether it is
single N atoms, N-pairs or N-vacancy combinations, and can be divided by the way the
nitrogen is incorporated into the lattice: Type la diamonds are characterized by
nitrogen incorporation in aggregates, while Type Ib structure contains single
substitutional nitrogen atoms (so-called P1 centers). Only ~0.1 % of natural diamonds
can be attributed to this subgroup.

Considering type I, it should be noted, that such structure lacks nitrogen that
can be detected, and only 1-2 % of natural diamonds fall into this category. The group
can be split into two principal sub-groups: Type lla diamonds - no measurable N, B, or
H, and impurity levels are below 107 cm™3. These diamonds are of the most optical
transparency and electrical insulation. At the same time, the Type llb structure
contains uncompensated boron acceptors making it p-type semiconductor.

From the viewpoint of band theory, diamond is an ultra-wide-band-gap
semiconductor, often classified as an insulator, with an indirect band gap of = 5.47 eV
at room temperature [31].

Band theory, in turn, is able to further explain diamond’s optical behavior: the
large gap gives rise to optical transparency from the deep-UV (= 225 nm) to the
infrared regions [31].

While being transparent in such a wide range, in the presence of defects
diamond could possess brought-in optical properties, actively used nowadays in
modern diamond photonics. The substitutional impurities, vacancies, or vacancy-
impurity complexes introduce discrete electronic states within the diamond band gap,
thus producing optically active centers, or so-called color centers. Depending on the
form of defects and their energy level structure, color centers’ PL properties vary in
spectral position of ZPLs, shares of phonon sidebands (PSBs) in total PL, PL decay times,
as well as other properties manifested in the PL character and its changes that can be
used for quantum sensing.
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As was already stated in the introduction, approximately half of the thousand
defects [31,47] with their ZPLs, and other traits are known nowadays, and it would be
an impossible task to consider all of them in the present study. However, the most
studied ones are presented in the work to understand their energy level structure, PL
properties, as well as applications and achievements in quantum sensing.

Among the studied color centers, the NV center is the most crucial one [40,48],
playing a pivotal role in commercialized diamond-based sensors, and is therefore
addressed first in this work. The NV color center is a point defect in the diamond lattice
represented by a substitutional nitrogen atom and an adjected lattice vacancy. The
nitrogen-vacancy complex exhibits four possible orientations inside the diamond
lattice. This complex can bear a neutral (NV°) or negative charge (NV') in luminescent
states, having different optical properties, respectively. The information on relative
positions of NV® and NV energy levels can be interpreted from Figure 3a, and it is
essential for controlling charge state stability, interpreting optical transitions, and
further optimization of quantum sensing performance.

In this work, as also in the majority of others, NV® and NV are considered as
two separated color centers, with the NV- being the most crucial one due to its
exceptional spin properties, room temperature coherence time of a great value, and
the initialization and read out of this color center spin state can be performed optically
[40]. These features make it a cornerstone for applications in quantum sensing,
including magnetometry, thermometry, and bioimaging [24]. For further
understanding of quantum sensing principle with NV~ color center, its energy level
structure is considered and provided below (Figure 3b).
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Figure 3. Schematic depiction of a) — NV® and NV relative position of energy levels within
diamond band gap (adapted from [49]) and b) — NV color center energy level structure
(adapted from [40]).

The total number of hosting electrons of NV~ system amounts to six, with five
electrons being from atoms of nitrogen and adjusted carbons, while the sixth electron



arises from diamond lattice. According to the energy level structure, the NV center is
characterized by triplets on both ground (3A) and excited states (3E). These triplets, in
turn, contain ms = £1 spin states and ms = 0 spin state. The sublevels are, in turn, split
due to zero-field splitting (ZFS) even without an external magnetic field, with typical
values of 2.87 GHz and 1.42 GHz at room temperature for ground and excited states
correspondingly. In case of ms= +1 and ms = -1 spins are aligned either up or down,
respectively, while the ms = 0 case is of antiparallel spins. The structure also contains
two intermediate-state singlets (*A and 'E) [40]. In the section on Basics of quantum
sensing, the principle using the described energy level structure will be discussed in
detail.

The next diamond color center to be considered in this work is SiV- color
center. The number of publications on its studies has increased rapidly since 2010, with
the discoveries that the SiV™ center is characterized by a narrow ZPL at 738 nm, a large
Debye-Waller factor (0.7) as well as reduced spectral diffusion [50-52]. This
combination makes this color center a great instrument in single-photon sources and
coherent photonics applications. These qualities with SiV- temperature-dependent
intensity are also of service for all-optical thermometry successfully demonstrated in
several works [38,43,53].

The SiV~ center consists of a silicon atom positioned between two adjacent
vacancies, and the complex substitutes two carbon atoms [51].

Figure 4 shows SiV- energy level structure as well as relative position of energy
levels within the diamond band gap [54,55]. The energy level structure is characterized
by ground and excited states being separated by 1.68 eV at room temperature. At
cryogenic temperatures, both ground and excited states are represented by orbital
doublets, the splitting is due to split spin—orbit interaction and strain [55].
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Figure 4. Schematic depiction of SiV- energy level structure (adapted from [43]).

The SiV- color center, having an additional electron and thus a spin state of
S = 1/2, has been studied as the subject of all-optical spin initialization and readout;

however, this is possible only at cryogenic temperatures due to extremely fast orbital
relaxation and short spin coherence times at room temperature. The appropriate



sensing scheme for this color center will be discussed further in the section on Basics
of quantum sensing.

As stated in the introduction, while understanding the behavior of well-known
and widely studied NV and SiV centers in SCDN structures is essential, the focus of this
study is shifted toward lesser-studied luminescent defects in diamond with ZPLs at
389 nm and 468 nm.

The information about the 389 nm color center is summarized in the work [31]
and stating that it is a nitrogen-related defect, appears due to radiation damage of all
types of diamonds, and is observed in CVD diamond films. According to work [56],
nitrogen can occupy an interstitial position, or, as stated in works [57], nitrogen is
substitutional, forming a bond with carbon atoms. The nitrogen, according to work
[58], is bonded with interstitial atoms.

The 468 nm color center is, as well, related to the nitrogen defects, being
observed in single-crystal CVD diamond of high quality. At the same time, according to
work [59], the 468 nm color center is reported to have an association with silicon
impurities arising from the CVD growth of diamond on silicon substrates. The latest
work [60], however, states that this color center, responsible for the brown color of
diamond, is represented by NVH™ complex — hydrogen-passivated NV centers.

Recently, density functional theory (DFT) within a dual cubic/lonsdaleite
diamond structure calculations in the works [61] demonstrated that the 389 nm and
468 nm centers could be linked to NsV defects in two different geometrical
configurations (Cin and Csy, respectively). Although this approach employs a non-
standard diamond lattice, it enabled the authors to reproduce modelled PL spectra in
good agreement with experimental observations. This finding could provide a new
theoretical perspective, while challenging the existing experimental interpretations of
these color center configurations.

While precise energy-level schemes within the diamond band gap remain
undetermined for these color centers, their ZPL emission wavelengths — 389 nm
(3.18 eV) and 468 nm (2.65 eV), respectively — place them well within the ~5.5 eV band
gap of diamond. These traits make them appealing as violet and green light quantum
emitters while demanding a comprehensive analysis of their formation mechanisms,
PL properties, and sensing potential, especially in SCDNs as a promising sensing
platform.

2.2 Controlled engineering of color centers: review of recent studies and
current limitations

The ability to form specific color centers while controlling their density, localization, as
well as charge state is a critical prerequisite for their integration into quantum sensing
devices. Despite substantial progress in this field by the force of numerous research
groups, the task of color centers controlled engineering remains a complex challenge,
especially as quantum technology demands increasingly precise solutions. It is also
worth noting that the vast majority of such works are directed at the formation of NV~
color centers, due to their proven applicability in quantum sensing. Therefore, the
main goals of these works are not only to ensure the efficient creation of NV-, but also



to suppress the formation of other charge states of NV defects and undesired nitrogen-
related complexes.

In the present work, this challenge is considered in the context of CVD of
diamond, since this method stands out as the preferred one for synthesizing SCDNs
[62]. Compared to HPHT synthesis or post-growth techniques such as ion implantation,
the CVD method allows in situ introduction of dopant gases, such as nitrogen, enabling
atomic-scale tuning of color-center formation during growth [28,34]. Moreover,
plasma-enhanced CVD (PE-CVD) operates at moderate temperatures (~700-900 °C),
minimizing thermal stress and vacancy migration that can hinder localization of centers
—a vital property in the context of quantum communication and sensing.

In the PE-CVD process of diamond growth, plasma is generated by direct
current, microwave or radio-frequency excitation in a gas mixture containing hydrogen
and a carbon source, most commonly methane. The plasma activates the dissociation
of methane, allowing carbon radicals to be deposited onto a substrate surface and
crystallize into diamonds. Although defect formation is conditioned by many factors,
such as choice of substrate, growth temperature, post-growth annealing, as well as ion
implantation, the gas composition during growth often has the most direct and
reproducible impact [63]. In the following section, recent research on the controlled
engineering of color centers is reviewed, with a particular focus on the role of gas
composition during CVD synthesis.

The influence of methane concentration during the growth stage has been
considered in several works, allowing to understand the common trends. First, in the
work [64] dedicated to the growth of thick large-grained polycrystalline diamond films,
the authors concluded that the acceptable methane range for high-crystalline
diamond phase is limited by 3,75% CH4 concentration in hydrogen plasma. Authors
observed that the increase of methane concentration from 3.75% to 7.5%, although
causing the rate of growth to almost triple, leads to the appearance of numerous
defects and a non-diamond carbon phase.

In the work [29] titled as “Improving NV centre density during diamond growth
by CVD process using N>O gas” authors modified substrate temperature and methane
concentration from 850 °C to 1000 °C and from 3% to 7%, respectively, and reported
that lower methane concentrations combined with lower temperatures favors doping
and NV centers over NV° formation.

Authors [65] in their work employed methane concentrations of 0.14%, 1%,
and 1.8% to investigate the charge states of NV centers in CVD diamonds doped with
nitrogen and phosphorus. Although the authors did not explicitly state their reasoning,
it can be inferred that this range of parameters was chosen as optimal, balancing
growth rates and defect incorporation while maintaining the crystallinity of structures.

To sum up, although optimal methane concentration windows for efficient
diamond growth and defect incorporation can be identified from existing literature
and applied to the PE-CVD synthesis of SCDNs, to the best of our knowledge, no
systematic investigation has yet been conducted on how varying methane
concentrations influence the formation of different color centers.

Another gas that is widely researched in the context of color centers formation
during CVD diamond growth is nitrogen. It should be noted that the majority of works



dedicated to the topic of nitrogen content are focusing on NV~ centers formation,
charge-state control, and they are aiming to increase NV~ density while suppressing
the neutral NV° state and other nitrogen-related defects.

In one of the fundamental works on NV~ formation studying [63], it was
reported that rather than the post-growth vacancies migration or components
association, NV centers grow as units, and that only a small fraction (less than 0.5%) of
nitrogen incorporated during growth is converted into NV centers. This observation
led to the conclusion that gas-phase nitrogen availability during the synthesis stage is
of the main importance, rather than post-processing nitrogen-related manipulation.

In the work [66], the authors systematically analyzed the effect of varying the
N/C ratio in 50 -10° ppm range on the NV~ centers formation. From the methane
concentrations reported by the authors for this work (ranging from 2.2% to 2.7%), and
considering that carbon is sourced from methane, the nitrogen concentration can be
estimated to vary from 0.00033% to 2.7%. The authors concluded that the as-grown
diamond might contain NV~ concentrations ranging from 0.03 to 28.5 ppb,
corresponding to the variation in nitrogen content. They concluded that, although
increased nitrogen doping leads to higher NV~ density, the drawback would be a
reduced coherence time — a duration over which the quantum state of an NV~ center
remains stable and usable for quantum applications. As it was assumed in [67,68] the
nitrogen electrons are serving as a decoherence origin, which was also proved in the
discussed work, proposing the window for N/C ratio to be in the range from 150 to
8500 ppm or approximately 0.00033% to 0.02295% of nitrogen.

In the work [69] on nitrogen incorporation and NV~ centers formation within
different conditions for delta-doped CVD-grown diamond layers, the authors reported
on high NV~ concentration (~0.5 ppm) achieved in the process of growth with a
methane concentration equal to = 0.144% and a nitrogen concentration amounted to
= 2.06%. Authors also conclude that high nitrogen concentrations could lead to a
decrease in growth rate, with the saturation condition in their work being equal to
4000 ppm or 0,4% of nitrogen. It should also be mentioned that the study employed a
microwave PE-CVD reactor, designed for nanometer-scale delta layer doping with
rapid gas flow modulation, allowing abrupt transitions between dopant gas
introduction and undoped growth phases. In contrast, common CVD reactors are not
equipped with such systems, resulting in less predictable nitrogen incorporation,
interfering with the targeted formation of color centers.

As can be seen from this literature review, numerous studies have analyzed
the influence of nitrogen content on the formation and charge state of NV centers, and
some of them adopt a systematic approach across wide N/C ratios and synthesis
conditions. Although nitrogen concentration values reported in these works can be
used as reference points for SCDNs growth, the reactor design, gas flow dynamics, and
specific growth conditions vary significantly across CVD systems and should be taken
into account. Therefore, the exact values and reported trends cannot be transferred
directly. Moreover, the goal of this work is not limited to NV center formation, but also
extends to analyzing other color centers, whose response to nitrogen doping may
differ and requires further investigation.
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2.3 Basics of quantum sensing, review on sensing principles and notable
achievements

Quantum sensing with color centers of diamond-based platforms is becoming an
independent field that, in accordance with how the quantum state of the color center
is addressed, manipulated, and read out, can be separated into two main directions:

. Spin-based sensing, relying on microwave (MW) or RF-driven
manipulation of spin states [40,70];
. All-optical quantum sensing, which avoids MW or RF application for

spin-state manipulation and uses only optical signature dynamics [16,35,71].

Although the present study is focused on the concept of all-optical quantum
sensing, the principle of spin-based quantum sensing will also be addressed further to
outline the advantages and limitations of this approach in comparison with the all-
optical one.

2.3.1 Spin-based sensing

As already discussed in the introduction and in the chapter on defect formation within
the diamond lattice, the NV~ color center is currently the most renowned and widely
utilized defect, owing to its well-characterized energy level structure and spin-state
properties, which have been successfully implemented in various quantum sensing
applications. According to Figure 3b, NV~ center is characterized by the ground and
excited states being triplet states (ms=0 and ms= % 1). Once optically excited with
~520-540 nm from ground (3A;) to excited states (3E), the electron of the system may
overcome a radiative decay emitting at 650—750 nm or relax back taking non-radiative
path (*A1/1E) through intersystem crossing (ISC) finally decaying from there to ms=0
of ground state [40].

If the electron is excited while being in the ms = 0 spin sublevel of the ground
state, it will most likely avoid the intersystem crossing path, decaying radiatively and
contributing fully to the PL signal. Oppositely, excitation from the ms = 1 sublevels
leads the electron to preferentially follow the “dark path” (with ~30% probability) via
intersystem crossing, resulting in reduced PL intensity [40] (Figure 3b).

This spin-dependent decay behavior makes optically detected magnetic
resonance (ODMR) a key technique for NV~-based sensing. The method involves three
main steps: optical spin initialization, microwave-driven spin manipulation, and optical
readout via PL detection.

Firstly, the optical excitation initializes the electron spin into the ms = 0 state:
by irradiation with a green laser, the electron spins go through a cycle, resulting in
electron spin polarization — the situation when practically all ground state electron
spins are in the ms= 0 state.

To understand the next step of spin manipulation, it is necessary to consider
the NV~ ground-state spin Hamiltonian, which can be described as follows [40,70]:
S(SS-I— 1)] 4

Hys = Dys [s; _ Eys(S2 = S2) +7.B- S + Hyp (1)
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In this equation, Dgys - longitudinal zero-field splitting (ZFS) equal to 2.87GHz
and E,s — transverse ZFS, S - the electron spin-1 operator, Sy, — spin matrices, ye—
electron gyromagnetic ratio, S — spin number, B - the magnetic field, and Hurstands for
the hyperfine interaction term. From the Hamiltonian equation (2.1), the resonance
frequencies for transitions between the spin states ms = 0 and ms= +1 could be
obtained as follows:

Vi = Dgs + ’Egs + (YeBo)? (2)

In this equation, By is the magnetic field oriented along the NV axis. From this
expression, it can be seen that variations in the external magnetic field would result in
changes to the ODMR resonance frequencies.

Therefore, for the spin manipulation stage, it is necessary to apply microwave
(MW) radiation in order to drive the transitions between spin sublevels. On condition
that the applied MW frequency matches the ms = 0 and ms = +1 energy gap, the
population is shifted towards ms = £1 states, thus increasing the probability of the ISC
path.

The increased probability of ISC, in turn, results in PL intensity reduction,
serving as a readout signal. Therefore, external perturbations, such as magnetic,
electric fields [72,73], temperature [74,75], pressure [76], or others that affect the spin
levels can be detected as a corresponding drop in PL signal under matching microwave
frequency application (Doherty et al. 2013) (Figure 3b).

Due to the NV~ color center's long spin coherence time at room conditions,
with values reaching milliseconds, it allows detection of very weak signals through
precise resonance shifts [40]. To the best of our knowledge, the highest sensitivity of
diamond quantum magnetometry amounts to sub-10 pT -Hz/2and was demonstrated
in the work [77] with the sensor based on NV~ ensemble in a single-crystal diamond.

Despite the vital advantages in high sensitivity of spin-based quantum sensing
approaches, in practice, the necessity of spin-manipulation provided by microwave
application imposes practical limitations in design simplicity, sensor miniaturization,
and integration, thus restricting the applicability in many real-world fields such as
biological systems.

And disadvantages mentioned above motivate numerous research groups to
explore alternative approaches, enabling them to avoid microwave applications. And
another approach — sensing perturbations all-optically — offers a simplified decision
while enabling sensors integration, miniaturization, and scalability as well as avoiding
the side-effects of microwave delivery: local heating and electromagnetic interference.

2.3.2 All-optical quantum sensing

All-optical quantum sensing is based on changes in purely optical signatures such as
color centers PL intensity, PL lifetime, spectral shifts (ZPL shift, FWHM broadening), or
spin-lattice relaxation time (T,) and could be implemented without a classical sensing
stage, such as spin-state initialization and manipulation.

Further, several methods for implementing all-optical sensing with different
color centers and for various physical parameters are considered.
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1) Intensity-based all-optical magnetic field sensing with NV~ color center

In their work [78] authors consider the application of all-optical NV~ sensing to
define high off-axis magnetic field values based on PL intensity changes. In the formula
of ground-state spin Hamiltonian (1), the hyperfine interaction term Hyr could be
omitted and present the Hamiltonian as a sum (3) of Longitudinal Zeeman interaction
(4), and Transverse Zeeman interaction (5):

Hys = hDysS? + gugB - S = HZ + Has (3)
Hng = hDgsSzz + gI’J‘BBZSZZ (4)
Hys = gup(BySy + ByS,) (5)

It could be clearly seen from equation 2.5 that the Transverse Zeeman
Interaction term occurs in the presence of transverse magnetic field components (By,
By) imposing the mixing of spin sublevels ms = 0 and ms = 1 on the energy level
diagram of NV~ color center. The mix of spin sublevels means that the population of
electron with initial spin state ms = 0 is leaking to ms = £1 which, in turn, causes more
non-radiative relaxation through the singlet states (dark state) and thus PL quenching.
Authors demonstrated that this effect enables magnetic imaging using PL mapping
based on a scanning NV~ microscope.

2) Lifetime-based magnetic field sensing with NV° and NV~ PL

Horsthemke et al. [35] in their work proposed another suggestion of all-optical
sensing based on PL lifetime — the average time a color center stays in its excited state
before emitting a photon and returning to the ground state. The motivation behind
this work is to propose the intensity-insensitive method since the intensity can be
subjected to alterations caused by movement in the optical fiber or laser intensity
fluctuations and thus affecting the sensing result. Authors demonstrated ~15.2%
lifetime contrast in the presence of a magnetic field employing a MW-free fiber-based
setup, thus demonstrating the feasibility of magnetic field sensing, which can be
implemented in harsh conditions.

3) ZPL shift- and FWHM broadening-based all-optical thermometry with NV-
and SiV~ color centers

In the work [38] authors proved the feasibility all-optical thermometry with
diamond microneedles containing NV~ and SiV~ centers. Authors demonstrated the
ZPL redshift as well as FWHM broadening with temperature increase over the
physiological range (25-55 °C).

To understand the physics behind these spectral signature changes, the energy
level diagram of color centers (Figures 3b and 4) should be considered again. The ZPL
emission corresponds to the direct electronic transition between ground and excited
states of a color center, with no phonon involvement. If temperature increases, the
diamond lattice undergoes thermal expansion, which results in increased phonon
occupation. This stronger lattice vibrations cause the distortion of ground and excited
energy levels, the energy gap becomes narrower, thus ZPL is shifting towards longer
wavelengths [79]. This described enhanced electron-phonon interactions also
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dynamically perturb the energy levels of color centers, resulting in inhomogeneous
broadening, which could be observable as a zero-phonon line FWHM broadening [79].

4) NV~ relaxation time (T1) sensing of magnetic field fluctuations

As was already stated in the introduction, the first direct mention of all-optical
guantum sensing is attributed to the work [16]. Authors pioneered the method by
using NV~ longitudinal spin relaxation time (T1) detection, with which it was possible
to sense fluctuations of the magnetic field. The developed method of detection was
implemented for room temperature, relying on optical spin initialization and readout
and avoiding microwave spin manipulation. To understand the physical principle
behind this method, the term longitudinal spin relaxation time (T:) should be
considered first. The longitudinal spin relaxation time (T1) — time it takes for the spin
system, such as NV~ color center spin, to return to its thermal equilibrium population
along the magnetic field direction (z-axis) after being perturbed. Considering the
energy level diagram of NV~ color center (Figure 2b), and situation where NV~ center’s
spin is polarized into a certain state ms = 0 using a laser, it could be seen that T; here
is duration of spin populations to "relax" back to their normal distribution with some
repopulation of the ms = +1 states. Magnetic field fluctuations can drive transitions
between spin states ms=0and ms= %1, thus reducing the relaxation time. The stronger
or more resonant these fluctuations are, the shorter the T; becomes, serving as a
sensitive method and allowing room temperature magnetic sensing down to one
molecule.

As can be seen from the provided review on diamond color centers in all-
optical quantum sensing applications, the most widely used is still the NV~ center,
although the SiV~ center is becoming increasingly common in articles devoted to
guantum sensing. Other diamond color centers, despite attracting theoretical interest,
are less frequently encountered in application-oriented studies. Some of them,
however, exhibit ODMR and may attract growing attention for quantum sensing
applications in the coming years, similar to what was seen for the SiV~ center. Notable
examples include ST1 [80], TR12 [81], and ST2 center [82].

Beyond these, the present work turns to the 389 nm and 468 nm centers,
which are also naturally formed in diamond needles [28,32]. Their spectral positions in
the blue and green ranges could potentially extend the operational wavelengths of
diamond-based platforms, as well as broaden the scope of all-optical sensing
applications.
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3 Materials and Methods

3.1 Description of SCDNs synthesis

For this study, SCDNs were synthesized using the PE-CVD method. The synthesis
procedure has been comprehensively described in previous works [62,83] and will be
briefly outlined in this thesis. A direct current PE-CVD system was employed with
parameters such as substrate temperature (~900 °C), chamber pressure, and plasma
power optimized for vertical needle growth. The growth was conducted using a gas
mixture of hydrogen and methane on silicon or niobium substrates. The silicon
substrates were used in the samples where the SiV centers formation was aimed while
the niobium substrates allowed minimize the SiV centers concentration [33]. The
typical process of SCDNs synthesis consists of two stages:
1. PE-CVD stage during which the films containing SCDNs surrounded by non-
diamond phase or carbon matrix would be obtained;
2. Films oxidation on air (630 °C, 100 h) stage during which the material around
SCDNs would be removed in the form of CO and CO; gases, revealing the final
SCDNs form (Figure 5 b and c).

Figure 5. SEM images of a) — grown carbon films containing SCDNs, b) — individual SCDN,
c) —. SCDNs after carbon film oxidation and precipitation on silicon plate for further analysis

To investigate how variations in gas composition during CVD growth influence
the formation and optical behavior of color centers in SCDNs, seven samples with
different methane concentrations, ranging from 0.8% to 5,3%, were synthesized. In
addition, one sample was fabricated with 2,3% of methane and 0,05% of nitrogen to
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gain insight into the influence of nitrogen incorporation on color center formation and
charge-state behavior.

Once grown, the SCDNs-containing films undergo preparation for further
analysis. For this purpose, pieces of the synthesized films were detached from the Nb
plate, transferred onto polished silicon substrates, and subsequently oxidized. The
resulting substrates with diamond needles were then used in the experiments.

3.2 Room-temperature experimental setup

To analyze the influence of gas composition during CVD growth on color center
formation, the steady-state PL and time-resolved PL measurements were performed
using an Edinburgh Instruments FLS1000 Spectrofluorometer (Figure 6). The
performed measurements on spectrofluorometer are based on the luminescence
principle, when a sample absorbs photons of specific energy and subsequently re-
emits photons at longer wavelengths. In the case of color centers in diamond, this
process is conditioned by the electronic transitions between defect-related ground
and excited levels within the diamond bandgap, and results in well-defined spectral
features such as ZPLs and PSBs.

The spectrofluorometer is equipped with two monochromators on the
excitation path and emission paths to isolate a specific wavelength from a broader
spectrum. The excitation path starts with one of the available excitation sources: a
steady-state xenon arc lamp, a picosecond pulsed diode laser with 377 nm central
wavelength, and a picosecond pulsed diode laser with 504 nm central wavelength. To
capture the emitting signal from the analyzed sample, the emission path ends with a
single-photon detector (Figure 6). The spectrofluorometer is also equipped with a
measurement chamber and a set of holders that ensure reliable and secure sample
placement, designed to avoid obstruction of the excitation and emission paths.

Excitation Steady State
Monochromator Xenon Arc Lamp
!
ps Pulsed Sample
Diode Laser Chamber
¥
Emission Single-photon
Monochromator Detector

Figure 6. The schematic representation of FLS1000 Spectrofluorometer (adapted from
https://www.edinst.com/products/fls1000-photoluminescence-spectrometer/).
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Steady-state PL spectroscopy is a technique used to measure the emission of
PL from a material under continuous excitation. In this technique, the emitted signal is
collected and analyzed in terms of intensity vs. wavelength, thus obtaining an emission
spectrum. The system is in a steady state since the rate of excitation and emission
remains constant over time [84].

With the help of steady-state PL spectroscopy, the excitation-emission maps
(EEMs) for each sample were acquired in the excitation range 250-700 nm with a step
of 10 nm and emission recorded from 270 to 900 nm with a step of 1 nm. The width of
the excitation slit was varied from 3 to 5 nm while the width of the emission slit was
set to 1 nm. To avoid the passage of the excitation signal to the detector, all spectra
were measured with an indentation of 20 nm from the excitation wavelength and
before the doubled excitation wavelength.

Time-resolved PL spectroscopy is a technique used to determine the dynamics
of excited states in materials by recording how the PL intensity decays over time after
pulsed optical excitation [84].

With the help of time-resolved PL, the PL decay curves of different color
centers were acquired to determine the corresponding PL lifetimes.

The measurements were performed using the time-correlated single photon
counting (TCSPC) technique — a highly sensitive method that detects the arrival times
of individual photons relative to the excitation pulse [84]. The system builds a
histogram of photon arrival times for many excitation cycles, resulting in a time-
resolved decay curve. This technique serves well for single-photon emitters or low-
concentration color centers. To implement the TCSPC technique, pulsed excitation
sources were employed: a picosecond-pulse laser with wavelengths of 377 nm or
504 nm was used to excite the corresponding color centers. The emission slit width
was varied between 2 and 10 nm depending on the signal strength. The laser repetition
rate was adjusted to provide pulse periods in the range of 200-500 ns, and data
acquisition continued until the collected photons in the curve maximum reached
approximately 10,000 counts. For lifetime extraction, the obtained decay curves were
processed using Origin 2025 software. A custom-developed function was used to
perform convolution with the instrument response function (IRF), followed by
multiexponential fitting to retrieve the characteristic decay times.

The process of fitting PL decay curves and lifetime components decay
evaluation is described in numerous works, including [32], and briefly provided below.
Once the PL decay curves are obtained and the corresponding instrument response
function (IRF) is measured, the incremental fitting with exponential decay models is
performed. For each PL decay curve, the fitting starts with application of a
monoexponential function (equation 3.1.), assuming a single decay component [85],
and progresses to more complex multi-exponential models until the necessary match
with experimental curves is achieved.

t
Yrit = Yo + Arexp (— Z) (6)
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where yp is the baseline, A; is the amplitude, and t; is the corresponding decay
time.

The quality of fitting was evaluated using two statistical parameters: the
reduced chi-squared (y3) and the coefficient of determination (R?). The reduced chi-
squared is defined as 3 = x?/(N — p), where N is the number of experimental points
and p the number of fitting parameters, and it shows how close the fitted curve is to
the experimental data, with values around 1 indicating a good fit within the
experimental error. The coefficient of determination R? shows how much of the data
variation is explained by the model, and values close to 1 correspond to a better fit. In
practice, it was difficult to reach exactly )(}% = 1, due to parameter coupling in multi-
exponential fits. For that reason, the fitting was iteratively refined until ){,% reached its
minimum, and the corresponding model was taken as the most suitable one.

3.3 Temperature-controlled experimental setup: cryogenic and
physiologically relevant range (25-50 °C)

The above-described equipment for PL analysis enables both steady-state and time-
resolved measurements under ambient conditions. However, one of the main goals of
this study was to evaluate the feasibility of all-optical temperature sensing, which
requires precise control over the temperature range. To address this, temperature-
regulation facilities — a cryostat (Oxford Instruments Optistat DN) and a Thermal
Controller (Oxford ICT 4) — were integrated into the spectrofluorometer setup (Figure
7). This integration allows to conduct PL measurements across a wide thermal range —
from cryogenic conditions (using liquid nitrogen) up to physiologically relevant
temperatures (25-50 °C).
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Figure 7. The schematic representation of temperature-controlled experimental setup.

Aside from expanding the temperature range of all-optical quantum sensing,
cryogenic PL measurements are crucial in revealing color centers fine spectral and
dynamic features that are typically obscured at room temperature due to phonon-
induced broadening. These fine features are also vital for a fundamental
understanding of the thermally induced modifications in the optical and spin
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properties of color centers, which, in turn, influence their performance in quantum
sensing applications.

3.4 NV~ and NV° concentration evaluation

Aside from the optical behavior analysis of color centers in SCDNs, another key task of
this study focuses on the charge state analysis of NV centers formed under varying gas
compositions. As already stated in the introduction, the NV~ color center is a widely
acknowledged and utilized defect in quantum sensing applications; therefore,
achieving control over its efficient formation is a crucial step in the development of
diamond-based quantum sensing platforms. Therefore, the aim was to evaluate the
relative concentrations of NV~ and NV° centers in SCDNs grown using different
methane concentrations (ranging from 1.6% to 5.3%) and to identify the gas
composition window that favors efficient NV~ formation.

Equally important is the technical challenge to develop a reliable protocol for
quantifying the NV charge states in diamond structures. The negatively charged (NV~)
and neutral (NV°) states of the nitrogen-vacancy defect can both be optically excited
using green light. Although their ZPLs are spectrally separated, at 637 nm and 575 nm,
respectively, their PSBs significantly overlap (Figure 8) since NV° PSB extends up to
750-800 nm. This spectral overlap complicates the direct decomposition of their
contributions within the PL signal, making the determination of each charge state’s
concentration a non-trivial analytical problem.
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Figure 8. Typical PL spectrum at 532 nm excitation with NV~ and NV° ZPLs at 637 nm and
575 nm, respectively, and overlapped PSBs. The ZPLs of NV~ and NV° centers are marked with
black arrows.

Therefore, in this section, the common approach used for determining the
relative concentrations of color centers is outlined, followed by a detailed description
of the developed spectral decomposition pipeline employed to quantify the
contributions of NV~ and NV° centers.
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3.4.1. Concentration estimation via saturation curve fitting

One of the most widely accepted methods for quantifying emitter density is power-
dependent saturation analysis [86]. In this method, the PL intensity is recorded as a
function of excitation power. At low excitation power, the PL intensity grows
approximately linearly, reflecting that the excitation rate is much lower than the decay
rate. As the power increases, the excitation rate approaches the decay rate, and the
emission tends toward an asymptotic maximum, which is described by the saturation
model below:

I(P) = I (7)

“wpyp,,

where |t is the emission intensity at which the optical excitation rate from the
ground state to the excited state equals the spontaneous decay rate back and Psat is
the excitation power at which 1= % lgt.

Since |t scales directly with the total number of identical emitters within the
excitation volume, it is possible to determine the number of emitters in an ensemble:

I
N =% (8)
i)
sat
where 15(2 is the saturation intensity of a single center that can also be

determined by using the described approach. Dividing the number of emitters by the
confocal excitation volume then yields the absolute concentration in cm-3 of active
color centers.

In this work, the power vs. intensity curves were obtained by exciting SCDNs
samples with a green continuous-wave (CW) laser using a confocal microscopy setup.
The used confocal setup is described in detail in [33]. The spectra were recorded in the
emission range 560-836 nm. The excitation power was varied in the range from 20 pW
to 200 pW. For each combination of power and applied optical filter both PL spectrum
and signal from single-photon counting module for each analyzed sample were
measured. The detection pathway was equipped with two bandpass filters: 599/13 nm
and 700/50 nm. In the case of the 599/13 nm filter, the recorded signal corresponds
to the emission from the NV° color center, while the NV~ contribution is effectively
suppressed. This allows for the direct evaluation of NV° concentration through the
described power-dependent saturation analysis. On the other hand, the 700/50 nm
filter transmits a large fraction of NV~ PL around the PSB peak while including a
contribution from the tail of the NV° PSB. Therefore, in this case, the recorded signal
is a composition of emissions from both charge states, making it necessary to perform
spectral decomposition in order to accurately separate the NV~ component and
evaluate the concentration. The applied decomposition procedure is described in the
following section (3.4.2).
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3.4.2 Spectral decomposition via non-negative matrix factorization

The task of spectra decomposition was solved with the Non-negative matrix
factorization (NNMF) approach [87—89]. This approach allows for the decomposition
of PL spectra into components that can be further interpreted by users while using the
condition that all spectral intensities remain non-negative.

To perform the NNMF approach, the matrix factorization in the form below is
used:

V=W-H (9)

where Vis the m X n original data matrix. Each element represents a real, non-
negative value corresponding to spectral intensity, the rows of the matrix are
wavelength channels (m), and the columns are spectra (n). collected at different
excitation powers, each normalized as a vector to unit length before decomposition.

Correspondingly, Wis an m X r basis matrix containing the spectral profiles of
the r components (such as NV-, NV° etc.), and H is an 7 X n coefficient matrix that
describes the relative contributions of each component in each spectrum.

The method can be realized in MATLAB with a function
[W, H] = nnmf(intensity, numComponents) and according to the function description
in MATLAB: “The W and H matrices are chosen to minimize the objective function that
is defined as the root mean squared residual between intensity and the approximation
W-H. The factorization uses an iterative method starting with random initial values for
W and H. Because the objective function often has local minimum, repeated
factorizations may yield different W and H values. Sometimes the algorithm converges
to solutions of lower rank than number of Components, and this is often an indication
that the result is not optimal”. In other words, NNMF works by minimizing the
difference between the original matrix and the product W - H, under the constraint
that all entries remain > 0.

The decomposition procedure was applied to PL whole spectra acquired for
each sample across various excitation powers. In this study, the decomposition
involved three components: NV-, NV, and SiV-, as some spectra were not pure
combinations of NV~ and NV° emissions but also included a contribution from the Siv-
component. According to the NNMF method description, it starts with random initial
values for the W and H matrices. However, to improve the robustness and physical
relevance of the decomposition, the process was guided by inputting reference spectra
for NV~ and SiV~ as seeding shapes (Figure 9a). In this semi-supervised approach, only
the NV° component was extracted from scratch in the NNMF decomposition.
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Figure 9. The NNMF decomposition procedure a) —inputs: NV~ and SiV~ reference curves as
seeding shapes and b) — outputs: extracted shapes of three components.

It should be noted that due to NV° contributions, the task of obtaining a
reference spectrum for NV~ is not trivial. To isolate the NV~ spectrum, a special
measurement setup with microwave excitation was utilized. When the microwaves are
applied at the NV~ spin resonance, the NV~ emission undergoes a measurable change,
while the NV° contribution remains unaffected. By recording spectra with microwaves
switched on and off and then calculating their difference, the part that changes can be
attributed solely to NV~ (Figure 10).

— MW-
60000 - — MW+
—— Difference (pure NV-)
50000
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8
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Figure 10. Typical PL spectra of the studied samples recorded in the 560-840 nm range
without microwave excitation (MW-), with microwave excitation applied (MW+), and the
corresponding difference spectrum, which reveals the pure NV~ contribution.

Analyzing the results of decomposition with the NNMF approach (Figure 10b),

it should be noted that the method, even when guided by reference curves, does not
yield perfectly separated component shapes. One artifact appears in the NV°
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component around 638—641 nm, which can be attributed to the overlap with the
strong ZPL of NV~ at 637 nm, introducing distortions in the decomposition. Another
noticeable artifact is a dip in the NV~ component at 738-741 nm, originating from the
overlap with the SiV~ ZPL at 738 nm. Despite these distortions, the main source of
uncertainty arises from applying the overall NV° component obtained from NNMF
decomposition to each analyzed spectrum. To assess this systematic uncertainty, the
NNMF-derived NV° curve was compared with an etalon NV°spectrum obtained from
cathodoluminescence (CL) measurements (Figure 11). The areas under the
corresponding spectra were calculated, and the discrepancy was found to be about
30%. This discrepancy was therefore assumed as the maximum uncertainty and further
propagated into the calculations of NV%and NV~ contributions.

Normalized NV° Spectra (CL vs NMF)

., —CLNVO
08l - = "NMF NV°
S5
‘ 30% discrepancy in areas |
0.6 1

Intensity (rel.
o
N

550 600 650 700 750 800
Wavelength (nm)

Figure 11. The comparison of decomposition-based NVO shape with etalon CL spectra to
evaluate the systematic uncertainty.

Once the shapes of the components were extracted (Figure 9b), backfitting
was applied to each spectrum to quantify the contribution of each component (Figure
12a). This procedure was followed by the application of a 700/50 nm bandpass filter
(Figure 12b) to isolate the spectral region where NV~ and NV° emissions overlap and
the fraction of SiV- PL signal is negligible. As the final step in the contribution analysis,
the areas of the two components were calculated within the filtered region and
expressed as percentages relative to the total area of the filtered spectrum (Figure 13).
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Figure 12. The decomposition spectrum with a) — back-fitting of the original spectrum (blue)
using components for NV-, NV°, and SiV- derived from NNMF. The numbers above the
spectrum are the non-negative least squares scaling coefficients (a, b, c) obtained during the
fit, which quantify the contribution strength of each component. b) —the same
decomposition after applying a 700/50 nm bandpass filter.
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Figure 13. The decomposed spectrum using the 700/50 bandpass filter and the calculated
contribution of each component.

24



x10°
—3,1% CH4 NV- | Isai
|—3.1% CHA NVINVO | 1 = (564.1 £ 0.5)x10%, P_=659.6 uW

Saturation Curves: I(P)=1_ P/(P+P_ )
10 :

= (585.2 £ 0.5)x10°, P_ =724.2 uW

8H—3,1% CHANVO | I,

= (7.120.0)x10°, P__=169.6 uW

PL Intensity (a.u.)

0 I |
20 40 60 80 100 120 140

Laser Power (W)

Figure 14. Power—intensity curves for the mixed NV-/NV° emission and for the separated NV~
and NV° components obtained from their calculated contributions. The saturation intensity
values lsat, extracted from fitting, are indicated in the graph legend.

These resulting percentages were then applied to the corresponding power vs.
intensity curves (also obtained using the 700/50 nm bandpass filter) to generate the
separated power vs. intensity curves for NV~ and NV° (Figure 14), according to their
calculated contributions. All steps made allowed to apply the method described in
section (3.4.1) to evaluate the corresponding concentrations of NV~ and NV° color
centers in the samples.
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4 Results and Discussion

4.1 General spectral characteristics of synthesized SCDNs

This section presents the steady-state PL analysis of SCDNs synthesized via the PE-CVD
method, using various hydrogen-based gas compositions (Table 1). The corresponding
emission spectra, recorded over different spectral ranges, are shown in Figure 15.
Three excitation wavelengths — 350 nm, 420 nm, and 530 nm — were selected to
demonstrate representative PL spectra, covering the entire spectral region relevant to
diamond color center studies: from the 389 nm center in the near-UV range to the
silicon-vacancy (SiV~) center with its ZPL at 738 nm. All presented spectra are
normalized by maximum value in the collected spectral range.

Number
of 364 369 371 379 382 387 394 759

Sample
CHa, % 53 4,6 3,9 3,1 2,3 1,6 0,8 2,3
N2,% - - - - - - - 0,05

Table 1. Gas composition parameters used for PE-CVD growth of SCDNs samples.

As can be seen from the PL spectra recorded at 350 nm excitation wavelength
(Figure 15a, b), all samples show the presence of the 389 nm color center, with
pronounced ZPL and clearly visible phonon replicas. Sample N364, grown with the
highest methane concentration in the set, has a less pronounced 389 nm ZPL and only
two visible phonon replicas. The partial obstruction of PSB for sample N364 is
presumably related to the correction of spectra applied due to a pronounced setup-
related artifact. The mentioned artifact manifests itself as a peak in emission spectra
at around 410 nm, on condition that the overall emission signal is less than a certain
intensity value. To minimize this artefact, the localized rescaling with a smooth taper
to avoid this sudden jump was applied to this spectrum in MATLAB. The task of
eliminating this artifact, although identified during the work, is beyond the scope of
this thesis and will be addressed at the setup level in further research.

Only about half of the samples with methane concentration in the range 0,8—
2,3% show the 468 nm color center with pronounced ZPL and replicas, and its intensity
decreases as the methane concentration increases indicating decreasing ratio of 468
nm to 389 nm centers with the methane concentration growth. This excitation
wavelength also reveals NV° with a ZPL at 575 nm for all studied samples. It is also
worth noting that the 533 nm color center is visible at 350 nm excitation in seven
samples, except for the one grown with nitrogen addition (N759).

Analyzing the spectra obtained under 420 nm excitation, it can be observed
that all samples exhibit the 468 nm color center, although its intensity is comparatively
weaker in the N364 sample, demonstrating intense SiV~ PL. Since this excitation
wavelength is also effective for SiV~ color center excitation [32], the latter is detected
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in five of the investigated samples. The ratio of SiV~ to 468 nm centers is increasing

with the growth of methane concentration.
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Figure 15. PL spectra of studied SCDNs obtained under different excitation wavelengths:
a), b) =350 nm; c¢), d) =420 nm; e), f) - 530 nm.
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Finally, the 530 nm excitation allows a clearer detection of NV°color centers in
all studied samples, and at the same time efficiently excites the NV~ color center with
its ZPL at 637 nm. The latter is observed in all samples, but its presence is limited to
those grown with methane concentrations in the range of 0,8-3,9%. Instead, for
samples with high methane content (4,6-5,3%), the presence of SiV~is documented. It
is worth noting that samples N382 and N759 in Figure 15e demonstrate different ratio
of NV- to NV lines despite the same methane concentration used in their synthesis.
This could indicate that the addition of nitrogen into the gas mixture results in shift in
balance of NV centers formation towards the preferential formation of NV~ centers.

Therefore, the PL spectra analysis revealed the presence of six distinct color
centers, three of which are consistently observed in all studied samples. (389 nm, 468
nm, NV°).

After identifying the color centers, EEMs were recorded at room temperature
for each studied sample to guide their selection for subsequent quantum sensing
experiments. To facilitate the comparison, two complementary visualization
approaches were applied to the EEMs data (Figures 16 and 17).

In Gallery A (global scale, Figure 16), all maps were plotted using a shared color
scale set by the 2"9-98™" percentile intensity range of the combined dataset. In theory,
this approach makes it possible to compare absolute PL intensities between samples
and to see which ones show stronger overall emission under the same excitation—
emission conditions. Moreover, the comparison of absolute intensities between
different samples can be considered as a rough tool for color center content
comparison, provided that the active emitting volume within the excitation spot is
similar for all samples.

Since all samples were prepared using the same protocol, this volume is
expected to be similar. In practice, however, variations in the actual amount of
material still influence the measured intensity. Therefore, in this work, the absolute
intensity from EEMs is not used for quantitative conclusions on color center content,
but rather as a practical guide for selecting samples that provide sufficiently strong
signals from specific color centers for the next stages of experiments. Another
disadvantage of such approach is that using a fixed scale means that low-intensity
features in weaker samples can become less visible.
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Figure 16. Gallery A with all maps plotted using a shared global color scale to facilitate the
comparison of the absolute PL intensity between samples.
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Figure 17. Gallery B with all maps individually normalized to its 95 percentile intensity to
facilitate the assessing of the relative content of specific color centers across the samples.

In Gallery B (per-map normalized, Figure 17), each map was scaled to its 95"
percentile intensity. This enhances the visibility of spectral features across the dataset,
allowing even subtle peaks and PSBs to be seen in weaker emitters. Basically, this
Gallery expands the results of emission spectra (Figure 15) by showing the signatures
at other excitation wavelengths. While this method does not keep the absolute
intensity differences between samples, it helps in evaluating the relative content of
specific color centers.

Based on the Gallery A maps comparison, the strongest overall emission is
observed for samples with 0,8% and 1,6% methane content, as well as for the sample
with 2,3% methane content and 0,05% nitrogen addition.

From the comparison of Gallery B maps, the relative contributions of each
color center within the samples were analyzed. The signatures corresponding to the
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389 nm and 468 nm centers are intense across all samples, except for the 389 nm
center in the sample grown with 5,3% methane. This suggests effective relative
formation of these centers throughout the studied methane concentration range, with
the notable reduction of the 389 nm center at the highest methane content (5,3%).
Due to the strong spectral overlap of the NV° and NV-, the EEMs analysis is less
informative for these color centers. However, it can already be observed that the
efficiency of NV center formation is less favorable at methane concentrations of 1,6%
and 3,1% in comparison with the 389 nm and 468 nm centers. A more detailed analysis
of NV% and NV~ formation will be presented in the following section.

Based on the comprehensive characterization of the samples’ optical behavior,
the sample grown with 1,6% methane and the sample grown with 2,3% methane and
0,05% nitrogen were selected for the next stage of the study. This is due to the
strongest overall emission signal from the 389 nm and 468 nm color centers in these
samples, while the further analysis was focused on evaluating the feasibility of all-
optical sensing using these centers.

4.2 All-optical temperature sensing with 389 nm and 468 nm color centers

The first experiments on temperature-dependent all-optical sensing were conducted
over a range from liquid nitrogen temperature (LNT = 81 K) to room temperature (RT
= 295 K) in order to observe the overall response of the 389 nm and 468 nm color
centers’ optical signatures to temperature variations. Figure 18 shows the PL spectra
recorded with a resolution step of 0,1 nm in the range of 385-460 nm at five different
temperatures within the described range. In this experiment, the N387 sample was
used due to strong PL emission from 389 nm color center. The excitation wavelength
of 370 nm nm and slit of 5 nm for excitation and 0,1 nm for emission were used in
these measurements. For each temperature, the ZPL position and its corresponding
FWHM value were determined using a Gaussian fitting model (Figure 18), enabling the
evaluation of spectral changes.
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Figure 18. The emission spectra taken at different temperatures (LNT-RT), recording a) — full
spectrum of 389 nm center including ZPL and corresponding PSB as well as b) — 389 nm ZPL
only. All spectra are normalized by maximum.
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ZPL and FWHM vs. Temperature
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Figure 19. Temperature dependence of the 389 nm ZPL position and FWHM in the range from
LNT to RT. Each uncertainty ribbon includes the corresponding standard deviation of repeated
measurements together with the fitting error.

From the experimental data, it can be observed that the ZPL redshifts with
increasing temperature: from 388,92 nm at LNT to 389.24 nm at RT. At the same time,
the FWHM broadens from 0,28 nm to 0,59 nm. The calculated standard deviation of
repeated measurements for the ZPL position is 0,02 nm, which is much smaller than
the observed redshift (0,32 nm) and therefore does not significantly affect the
interpretation of the temperature dependence. In contrast, the uncertainty in the
FWHM measurements amounts to 0,15 nm, which is comparable to the observed
broadening (0,31 nm) and thus limits its reliability as a sensing parameter.

In addition to ZPL position and FWHM, the ZPL intensity itself can also be
monitored as a function of temperature. However, this approach has certain
disadvantages: the measured values are strongly influenced by the optical setup,
alignment, and detector response, and therefore require careful initial calibration.
Given the complexity of the present setup, which involved a cryostat and temperature
controller, such calibration was impractical, and the ZPL-intensity method was not
implemented in this work.

For further comparison of the sensitivity of different methods, the results of
the ZPL-temperature dependence were expressed as an average sensitivity value: the
389 nm center exhibits a total ZPL redshift of = 0,32 nm over the 81-295 K range, which
corresponds to an average slope of = 0.0015 nm/K (1,5 pm/K).

Similar experiment was conducted for the 468 nm color center. In this
experiment, the N759 sample was used due to strong PL emission from 468 nm color
center. Figure 20 shows the PL spectra recorded with a resolution step of 0,1 nmin the
range of 455-570 nm at five different temperatures within the described range.
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For this color center, the ZPL redshifts with temperature, and FWHM
broadening is also observed: from 467,77 nm at LNT to 468,36 nm at RT, and from 0,92
nm to 2,01 nm, respectively (Figure 20 and 21). The uncertainty ribbon does not
obstruct the ZPL shift, confirming its reliability, while for the FWHM the uncertainty is
comparable with the broadening, which limits its applicability as a sensing parameter.
The average slope of ZPL vs. temperature curve = 0,0028 nm/K (2,8 pm/K).
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Figure 20. The emission spectra taken at different temperatures (LNT-RT), recording
a) — 468 nm ZPL and corresponding PSB as well as b) — 468 nm ZPL. All spectra are normalized
by maximum.
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Figure 21. The dependences of 468 nm ZPL position and FWHM value on temperature in the
range of LNT-RT.
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Another parameter to consider for 468 nm based all-optical thermometry is
the ratio of the ZPL intensity to third phonon replica (PR) intensity: while starting with
value 1,5 at LNT it drops almost five times to RT (Figure 22b).
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Figure 22. The emission spectra taken at different temperatures (LNT-RT), recording
a) — 468 nm ZPL and corresponding PSB, not-normalized, displaying peaks’ intensities change
and b) — dependence of ZPL intensity to the 3™ PR intensity ratio on temperature.

Wavelength (nm)

To compare the ZPL-shift method with the ZPL/3™ PR ratio method, the
temperature resolutions were calculated using expression (10) [90]:

AT = F—A"fq (10)

dT

where M — measured quantity, g, — its uncertainty, and |dM/dT| — sensitivity

(slope) in the temperature range of interest.
Table 2. summarizes calculated temperature resolutions for 389 nm and 468

nm ZPL shift and 468 nm ZPL/PSB ratio methods.

Color center Method Temperature resolutions, K
389 nm ZPL shift 13,3
468 nm ZPL shift 7,1
468 nm ZPL/3™ PR 8,2

Table 2. Temperature resolutions calculated for different all-optical thermometry methods.

Table 2 indicates that the ZPL shift of the 468 nm color center yields the highest
temperature resolution among the evaluated methods.

The calculated temperature resolutions (Table 2), if compared with the sub-
kelvin values already demonstrated in recent works and mentioned in the Theoretical
background section, may not appear very competitive. However, these results most
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probably reflect the limitations of the present setup, where the main constraining
factors were the spectrometer resolution, calibration accuracy, and the overall signal-
to-noise ratio of the detected spectra. Another limiting factor was the estimation of
measurement accuracy, which was derived as a standard deviation from only three
repeated measurements taken, although at the same temperature points, however,
during different cycles: heating and cooling. As a result, the conditions were not fully
reproducible, leading to an overestimation of the uncertainty, particularly noticeable
for the FWHM broadening. In principle, significantly better values could be achieved
with optimized setup instrumentation. For the ZPL shift method, the resolution is
determined by how precisely the ZPL position can be extracted, according to equation
(10). In the present case, the fitting uncertainty of the ZPL position was about 0,02 nm,
and with a measured slope of ~0,0015 nm/K this gives a resolution of several kelvin
(Table 2). Modern high-resolution spectrometers, however, provide sub-picometer
accuracy, and, with higher photon counts, the fitting uncertainty can be reduced by at
least an order of magnitude. Under such conditions, the estimated resolution could
reach the 0,1 K range or below. The ZPL/PR ratio method is more sensitive to alignment
and calibration, but its performance could also be substantially improved, for example
by employing dual-channel detection schemes.

Nonetheless, the concept of all-optical temperature sensing was
demonstrated for the 389 nm and 468 nm color centers through their ZPL redshift, as
well as through the change in the ZPL-to-3™ PR intensity ratio for the 468 nm center.
At the same time, although FWHM broadening follows an observable trend, its
applicability is limited by the relatively large standard deviation of repeated
measurements. A more detailed investigation of this effect, including whether it is
related to the experimental setup, requires further research that lies beyond the scope
of this work.
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Figure 23. The recorded for 389 nm color center a) — ZPL at different temperatures
(295 — 320 K) as well as b) — the dependences of 389 nm ZPL position and FWHM value on
temperature in the range of 295 — 320 K.
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Based on the above-mentioned proof-of-concept experiments, the research's
next focus was on a narrower but practically important interval: biologically relevant
temperatures, from RT (295 K) to ~50 °C (320 K). Unlike the LNT—RT study, this range
requires closer temperature spacing between measurement points, since the overall
interval is smaller and the expected spectral variations are subtler.

Figure 23 shows the 389 nm ZPLs recorded with a resolution step of 0,1 nm at
five different temperatures within the biologically relevant interval, as well as the
corresponding changes in ZPL position and FWHM within this range, presented
together with the applied uncertainty framework.

Similar measurements were conducted for 468 nm ZPL nm (Figure 24).
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Figure 24. The recorded for 468 nm color center a) — ZPL at different temperatures
(300 — 320 K) as well as b) — the dependences of 468 nm ZPL position and FWHM value on
temperature in the range of 300 — 320 K.

For both color centers, it is seen that the uncertainty ribbon does not obstruct
their ZPL shift, while for the FWHM, the uncertainty is comparable with the
broadening. The calculated temperature resolutions for 389 nm and 468 nm ZPL shift
amounts to 8,3 K and 2,2 K, respectively. Therefore, in the biological range of
temperature, the 468 nm color center shows a much stronger ZPL shift than the 389
nm center.

Aside from spectral signature analysis, another approach — PL lifetime — was
the next to be considered within all-optical thermometry research in the present work.
The PL decay curves were taken at 399 nm emission to analyze the dynamics of the
389 nm color center. This wavelength was chosen to optimize signal collection using
broad and bright enough phonon line of the center. Since the longest lifetime
component of the 389 nm color center is of significant value, reaching 30 ns [32], the
excitation repetition rate was set to give an interpulse period of 500 ns.

Figure 25 shows PL decay curves taken at different temperatures within the
range from LNT (~81 K) to 290 K for the 389 nm center on a semi-logarithmic scale.
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Figure 25. PL decay curves for the 389 nm color center on a semi-logarithmic scale.

The measured decay curves were analyzed by modeling the signal as a sum of
three exponential components, convolved with the instrument response function
(IRF). The convolution was conducted numerically (FFT-based), and the resulting model
was fitted to the experimental data in order to extract the characteristic decay times
and amplitudes. The retrieved parameters are summarized in Table 3. The fitting error
does not exceed 2%.

T,K A t1, ns A t2, ns As t3, ns
LNT 0,69 0,53 0,24 2,49 0,07 29,21
135 0,65 0,31 0,29 2,06 0,06 27,50
190 0,69 0,41 0,22 2,21 0,08 29,90
245 0,79 0,44 0,16 2,30 0,05 29,22
290 0,81 0,44 0,11 2,41 0,08 30,36

Table 3. The results of 389 nm color center PL decay curves fitting.

The PL decay analysis of the 389 nm color center revealed three lifetime
components: a fast (t; = 0,3-0,5 ns), a short (t, = 2,0-2,5 ns), and a long (t3 = 27-30 ns).
None of these components exhibits a systematic trend with temperature, and their
corresponding amplitudes follow a similar behavior. The only possible trend can be
noted for the short-decay component demonstrating lifetime increase from 2,06 to
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2,41 ns with simultaneous amplitude decrease from 0,29 to 0,11 with temperature
growth in the range from 135 to 290 K.

The PL decay curves were taken at 481 nm emission to analyze the dynamics
of the 468 nm color center, as well as avoiding the possible contribution of the 389 nm
PSB tail. Since the longest PL lifetime component of the 468 nm center in SCNDs was
determined to be 2,5 ns [32], the laser repetition rate was adjusted to provide an
interpulse period of 200 ns. Figure 26 depicts the series of PL decays for the 468 nm
color center on a semi-logarithmic scale.

The retrieved parameters of bi- or tri-exponential fitting are summarized in
Table 4.
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Figure 26. PL decay curves for the 468 nm color center on a semi-logarithmic scale.

T, K A; t1, ns A, t2, ns Az t3, ns

LNT 0,25 1,27 0,75 3,83 - -

135 0,21 1,34 0,79 3,81 - -

190 0,25 1,30 0,75 3,81 - -

245 0,31 0,83 0,67 3,52 0,03 25,84

Table 4. The results of 468 nm color center PL decay curves fitting.

The PL decay analysis of the 468 nm center revealed two lifetime components:
a fast component (t; = 1,2-1,3 ns) and a short component (t, = 3,5-3,8 ns) with stable
relative amplitudes across the 80—190 K range. At 245 K, an additional long component
(ts = 26 ns) emerged with a very small amplitude, which is most likely related to the
increased influence of the 389 nm center PL tail rather than being an intrinsic feature
of the 468 nm emission. The measured lifetime of 26 ns is a bit shorter than the value
presented in the Table 3 for the 389 nm center at 295 K. However, the difference is
probably related to limited accuracy of fitting method for components with such minor
amplitudes. It can be concluded that the 468 nm color center is insensitive to
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temperature in terms of PL lifetime, and therefore, lifetime-based thermometry is not
suitable for this color center.

To sum up the section on all-optical thermometry with the 389 nm and 468
nm color centers, it was demonstrated that the sensing is feasible when considering
spectral signatures, in particular the ZPL shift. In addition, the 468 nm center provides
an alternative sensing approach through the analysis of the ZPL-to-3" PR intensities
ratio. A comparison of the extracted temperature resolution values indicates that the
468 nm center offers a slightly higher resolution than the 389 nm center. At the same
time, both color centers do not demonstrate the systematic trend in lifetime changes.
However, a more comprehensive investigation is required to conclude whether both
color centers are truly insensitive to temperature in terms of PL lifetime, since for the
389 nm center one of the lifetime components shows a certain temperature
dependence in the range of 135-290 K.

4.3 All-optical magnetic field sensing with 389 nm and 468 nm color centers

Having established the feasibility of temperature sensing, the focus can be shifted
toward another sensing modality — the response of 389 nm and 468 nm color centers
to magnetic field.

As in the case of the previously described all-optical thermometry with the 389
nm and 468 nm color centers, the feasibility of magnetic field all-optical sensing was
analyzed by conducting two sets of experiments based on different optical signatures:
emission spectra and PL decay times. These experiments were designed as proof-of-
concept studies and therefore did not require controlled variation of the magnetic field
strength. Instead, the signatures were recorded in two conditions: in the absence of a
magnetic field and in the presence of a field generated by a neodymium magnet.

The PL spectra experiments started with creating conditions in which the well-
known effect of PL quenching for NV~ color centers [78] could be observed. This effect,
caused by spin state mixing under an off-axis magnetic field, was observed in our setup
with SCDNs samples and demonstrated ~20% PL quenching (Figure 27) in the presence
of a neodymium magnet. The magnet’s position relative to the sample was then fixed
as a reference and used in subsequent experiments with 389 nm and 468 nm color
centers.
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Figure 27. NV~ PL emission spectra recorded in the absence and presence of a magnetic field.
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The experiment was then repeated for the PL emission spectra of the 389 nm
and 468 nm color centers, which exhibited intensity decreases of about 10% and 10—
15%, respectively, in the presence of a magnetic field (Figures 28 and 29).
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Figure 28. PL emission spectra of the 389 nm color center recorded a) —in the range 385-460
nm and b) —in the range 386—-394 nm, in the absence and presence of a magnetic field.
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Figure 29. 468 nm PL emission spectra recorded a) — in the range 455-570 nm and b) —in the
range 466-473 nm, in the absence and presence of a magnetic field.

Therefore, the proof-of-concept experiments revealed the feasibility of all-
optical magnetometry based on the PL intensity quenching observed in the 389 nm
and 468 nm color centers. However, additional analysis with controlled variation of
the magnetic field strength is required to quantify the response and evaluate sensing
performance.
The second set of experiments, focused on PL lifetime, was also started with
the NV~ center in order to observe the previously reported reduction of lifetime under
magnetic field conditions [35]. After confirming this reference behavior, the same
proof-of-concept conditions were applied to the 389 nm and 468 nm color centers.
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The PL decay curves were taken at 700 nm emission to analyze the dynamics
of the NV~ color center, as well as minimizing effect of possible contribution of the NV°
PSB tail. Since the longest PL lifetime component of NV~ color center in SCNDs was
determined to be 12 ns [32], the laser repetition rate was adjusted to provide an
interpulse period of 200 ns. Figure 30 depicts two of the PL decays for the NV~ color
center on a semi-logarithmic scale in the presence and absence of a magnetic field.
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Figure 30. PL decay curves for the NV~ color center on a semi-logarithmic scale in the absence
and presence of a magnetic field.

The corresponding PL decay curves were taken for 389 nm and 468 nm of color
centers in presence and absence of magnetic field (Figure 31a and b).
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Figure 31. PL decay curves for a) — 389 nm color center and b) — 468 nm color center on a

semi-logarithmic scale in the absence and presence of a magnetic field.

Table 5 summarizes the fitting results of the NV~ PL decay curves, showing the
retrieved lifetime components together with their corresponding amplitude. The
fitting error does not exceed 2%.
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Magnetic ty, t2,
A A
field 1 ns z ns

tavg,
ns

Absent | 0,846 | 1,83 | 0,909 | 6,14 | 0,820 | 0,091 | 13,52 | 0,180 | 6,81

F, Az | t3,ns | Fj

Present | 0,954 | 1,31 | 0,412 | 5,67 | 0,267 | 0,588 | 10,92 | 0,733 | 8,76

Table 5. The results of NV color center PL decay curves fitting.

From Table 5, it can be seen that with the presence of a magnetic field, the
long PL lifetime component (t3) undergoes a 19% decrease, while the short one (t3)
demonstrates a less substantial reduction of about 8%. However, the multi-
exponential tail fits can exhibit coupling between amplitudes (A;) and lifetimes (t;), and
thus the changes in fitted lifetime components are better interpreted together with
their amplitudes for a more reliable comparison of the retrieved data. Therefore, the
amplitude-weighted mean lifetimes (ta) and integrated photon fractions (F)) were
also reported.

The amplitude-weighted mean lifetime is defined according to expression:

A NiAit; (11)
W YA

and gives an effective average decay time, accounting for the relative
contribution of each exponential component.

The Integrated photon fraction is defined according to expression:

T YA (12)

and represents the relative share of emitted photons associated with the
corresponding decay channel.

It should be noted that the amplitude-weighted mean lifetimes and integrated
photon fractions in this part of the work were calculated by considering only the short
and long lifetime components together with their corresponding amplitudes, while
excluding the fast lifetime component, since it is mainly related to the present setup
and the IRF function and does not represent a physical lifetime component associated
with the PL dynamics of the color centers.

From these additional values it could be seen that the integrated photon
fraction of the short component decreases considerably under the magnetic field
(from ~0.82 to ~0.27). At the same time, the long component exhibits a pronounced
increase in its integrated photon fraction (from ~0.18 to ~0.73). The amplitude-
weighted average lifetime increases from ~6.8 ns to ~8.8 ns in the presence of the
magnetic field, which may indicate a redistribution of the PL decay dynamics toward
long lifetime channel under magnetic field influence.

Table 6 summarizes the fitting results of the 389 nm PL decay curves, showing
the retrieved lifetime components together with their corresponding amplitudes,
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integrated photon fractions, and the amplitude-weighted average lifetime. The fitting
error does not exceed 2%.

Magnetic ti, , t2, , , ts,
field A ns Az ns F; As ns
Absent 0,988 | 0,6 | 0,333 | 8,7 | 0,131 | 0,667 | 28,8 | 0,869 22,10

Present | 0,995 | 0,5 | 0,250 | 6,8 | 0,074 | 0,750 | 28,3 | 0,926 | 22,95

Fé tavg, NS

Table 6. The results of 389 nm color center PL decay curves fitting.

From Table 6, it can be seen that, in the presence of a magnetic field, the long
PL lifetime component (t3) undergoes only a minor decrease of about 2%, while the
short component (t;) shows a much more pronounced reduction of ~20%. However,
the amplitude-weighted average lifetime exhibits a subtle increase, as was also
observed for NV~ color center, that again could point out on a redistribution of the PL
decay dynamics toward long lifetime channel under magnetic field influence.

Table 7 summarizes the fitting results of the 468 nm PL decay curves, showing
the retrieved lifetime components together with their corresponding amplitudes. The
fitting error does not exceed 2%.

Magnetic
field A, ti, ns A tz, ns
Absent 0,996 1,05 1 3,06
Present 0,997 1,01 1 2,94

Table 7. The results of 468 nm color center PL decay curves fitting.

Table 7 demonstrates that both the fast and short lifetime components
undergo a ~4% decrease in the presence of a magnetic field, suggesting that the 468
nm color center exhibits an overall subtle sensitivity to the applied magnetic field in its
PL decay dynamics.

Summing up the analysis of the presented data, it can be concluded that the
389 nm and 468 nm color centers, by demonstrating changes in their PL decay
dynamics, could potentially be utilized for all-optical magnetometry, with the 389 nm
center appearing more sensitive due to pronounced sensitivity of its short-lifetime
component behavior.

To sum up the section on all-optical magnetometry with the 389 nm and 468
nm color centers, it can be concluded that this proof-of-concept study confirmed the
feasibility of sensing through PL intensity quenching and changes in lifetime
component dynamics. The observed results are also of great interest from the
fundamental study point of view, since they point to a possible splitting of energy
states in the level structure of these defects. Further investigation will be directed
toward systematic variation of magnetic-field values, as well as DFT calculations, to
clarify the origin of the observed effect.
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4.4 Influence of methane concentration during CVD growth on NV charge
state

This section presents the results of evaluating the relative concentrations of NV~ and
NV° color centers in studied SCDNs samples synthesized under varying methane
concentrations (1,6% to 5,3%), as summarized in Table 8.

Number

of 364 369 371 379 382 387
Sample
CHs4, % 53 4,6 3,9 3,1 2,3 1,6

Table 8. Methane concentration for PE-CVD growth of the SCDNs samples.

The pipeline employing the NNMF approach for spectral decomposition,
followed by applying the retrieved component contributions to saturation values for
concentration estimation, is comprehensively described in the Methods and materials
section. Therefore, this section focuses only on presenting the estimated
concentrations of NV~ and NV° color centers.

Table 9 presents the saturation intensities obtained for the NV~ ensembles,
together with the ratio of these values to the saturation intensity of a single NV~
center, calculated as 561398 a.u. This ratio provides an estimate of the number of NV~
centers within the confocal collection volume. Since the collection volume is known (=
0,29 um? for an excitation wavelength of 700 nm and objective NA = 1,35), the NV~
concentration can be determined and expressed in cm™. To further convert the
obtained concentration into parts per billion (ppb), equation (13) was applied.

Cyy[cm™3]
Cuv[ppb) = T2 o (13)

where Cyv — color center concentration in cm™. Both concentrations are
presented in Table 9.
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CHas, % lsat_ensemble, A.U. Nnv Cnv, cm™3 Cnv, ppb
5,3 19075010 33,97 1,17-10% 0,66
4,6 53165827 94,70 3,27-10% 1,84
3,9 50050656 89,15 3,07-10* 1,74
3,1 58524611 104,25 3,59-10 2,03
2,3 33991458 60,55 2,09-10 1,18
1,6 45307130 80,70 2,78-10% 1,57

Table 9. Calculation of NV~ concentration from saturation intensities and the resulting values.

The corresponding data for the NV° color center concentration are presented
in Table 10. For this calculation, owing to the different emission wavelength (599 nm),
the confocal collection volume was taken as 0,17 um3. Due to the absence of a sample
with a single NV° color center to measure its power vs. intensity curve followed by
calculation, the calculation of saturation intensity for a single NV° center was
conducted using relation (14):

Isat(NVO) =k Ig (NV7) (14)

where k is determined according to expression (15):

TNy —ONV—
k= NV-ONV (15)
TnvoOnvo

in which ayy_ and gy are absorption cross sections of corresponding color
centers and tyy_and Ty — PL decay times. For k calculations, the values were taken
from [32,91], and the saturation intensity of a single NV° center was calculated as
142922 a.u.

Figure 32 illustrates the dependence of NV~ and NV° color center
concentrations on methane concentration during CVD growth of SCDNs, with
corresponding uncertainty ribbons included to reflect the reliability of the extracted
value.
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Isa ensemble,
CHu% tensembl Ny Cny, cm’ ppb
a.u.
5,3 884139 6,19 3,64-10%3 021
4,6 705078 4,93 2,90-10% 0,16
3,9 123824 0,87 5,10-10%2 0,03
3,1 159712 1,12 6,57-10%2 0,04
2,3 50745 0,36 2,09-10%2 0,01
1,6 221721 1,55 9,13-10% 0,05

Table 10. Calculation of NV concentration from saturation intensities and the resulting
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were found and plotted against methane concentration values (Figure 33).

An obtained plot demonstrates a clear non-monotonic trend in which the ratio
reaches its maximum around 2,3% CH,, pointing out on a domination of the negatively
charged state (NV~). For concentration 1,6% and intermediate concentrations (3,0—
4,0%), the NV-/NV° ratio remains relatively high, whereas at higher CH,; content
(>4,5%) a sharp decrease of the ratio is observed, indicating preferential formation of

the neutral state (NV9).
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Figure 33. NV~ /NV°concentrations ratio vs. methane concentration in studied samples.

Therefore, the conducted analysis allowed to understand the overall influence
of methane concentration used during the SCDNs CVD growth on NV charge state, as
well as resulting in the determination of methane concentration windows favoring NV°

and NV~ color centers formation, crucial for developing SCDNs-based quantum sensing
platforms.
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Conclusion

This work has reviewed the current achievements and challenges in the field of
guantum sensing with color centers, specifically in the all-optical diamond platform. It
was revealed that most of the progress is related to the NV~ center, with the SiV-
center also gaining momentum. However, the potential of other centers, such as the
389 nm and 468 nm centers, remains overshadowed, although they could provide a
solution for expanding the operational wavelength range of diamond-based quantum
sensing platforms, and in particular, of single-crystal diamond needles studied in this
work.

The study revealed six distinct color centers in the investigated samples, with
the 389 nm, 468 nm, and NVO centers consistently present. It was demonstrated that
the gas composition used during chemical vapor deposition growth plays a crucial role
in color center formation and can be applied as a strong tool for controlled defect
engineering. In particular, methane-rich growth conditions suppressed the 389 nm
center, whereas nitrogen addition shifted the balance of NV charge states toward NV-.

Beyond spectral characterization, this thesis demonstrated a proof-of-concept
of all-optical sensing with the 389 nm and 468 nm centers. Both centers exhibited
temperature-dependent shifts of their zero-phonon lines, and in the case of the 468
nm center, an additional change in the zero-phonon line-to-3™ phonon replica ratio
was observed, providing an alternative sensing parameter. Although the extracted
temperature resolutions (8,3 K and 2,2 K in the biological temperature range) are
above the state-of-the-art values, the analysis performed in this work suggests that
with optimized instrumentation and improved uncertainty evaluation, these centers
could reach sub-kelvin sensitivity. Magnetometry experiments further indicated that
photoluminescence quenching and lifetime dynamics of the 389 nm and 468 nm
centers are sensitive to magnetic fields, which highlights their potential for future
guantum sensing applications.

This thesis also presented the development of a pipeline for
photoluminescence spectra decomposition, based on non-negative matrix
factorization. This method was successfully applied to evaluate the concentrations of
NV~ and NV° centers in samples grown with different methane concentrations. The
resulting analysis of NV charge states allowed the determination of methane
concentration windows favoring the formation of either NV° or NV~ centers, which is
crucial for the development of single-crystal diamond needle-based quantum sensing
platforms.

Future research should focus on systematic magnetic field variation,
improvement of spectral resolution, and theoretical modeling, such as density
functional theory calculations, to clarify the energy level structure of the 389 nm and
468 nm defects. Such studies will also possibly allow for optimizing their integration
into diamond-based quantum sensing platforms.
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Appendix

Appendix A. Abbreviations

PL Photoluminescence

SCDNs Single-crystal diamond needles

CVvD Chemical vapor deposition

PE-CVD Plasma-enhanced chemical vapor deposition
HPHT High-pressure high-temperature

ZPL Zero-phonon line

PSB Phonon sideband

PR Phonon replica

NNMF Non-negative matrix factorization
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