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Abstract: Due to the large number of possible applications in quantum technology fields—especially
regarding quantum sensing—of nitrogen-vacancy (NV) centers in nanodiamonds (NDs), research on
a cheap, scalable and effective NDs synthesis technique has acquired an increasing interest. Standard
production methods, such as detonation and grinding, require multistep post-synthesis processes and
do not allow precise control in the size and fluorescence intensity of NDs. For this reason, a different
approach consisting of pulsed laser ablation of carbon precursors has recently been proposed. In this
work, we demonstrate the synthesis of NV-fluorescent NDs through pulsed laser ablation of an
N-doped graphite target. The obtained NDs are fully characterized in the morphological and optical
properties, in particular with optically detected magnetic resonance spectroscopy to unequivocally
prove the NV origin of the NDs photoluminescence. Moreover, to compare the different fluorescent
NDs laser-ablation-based synthesis techniques recently developed, we report an analysis of the effect
of the medium in which laser ablation of graphite is performed. Along with it, thermodynamic
aspects of the physical processes occurring during laser irradiation are analyzed. Finally, we show
that the use of properly N-doped graphite as a target for laser ablation can lead to precise control in
the number of NV centers in the produced NDs.
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1. Introduction
Nitrogen-vacancy (NV) centers attracted great interest and research activity for many emerging
applications in quantum technologies [1–3] due to the unique properties of this color center, such as its
extremely long spin-coherence times [4] and easiness in spin manipulation and readout [5]. For this
reason, proposed applications are in imaging [6,7] and in the use of NV as a qubit for quantum
information protocols [8]. Furthermore, of great promise is the employment of NV for quantum sensing
applications [9–11], thanks to NV fluorescence dependence on environmental parameters [12]. Excellent
mechanical and optical properties [13], as well as biocompatibility [14], allowed nanodiamonds (NDs)
to become a relevant framework for hosting NV centers. In particular, regarding quantum sensing,
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NV-hosting NDs allow the detection of environmental parameters with nanoscale precision and sensing
of magnetic fields [15,16], temperature [17,18], presence of paramagnetic species [19], changes in
pH or redox potential [20] have been demonstrated. Moreover, the interaction between NV centers’
electronic spin and crystal strain of the diamond host allowed the realization of hybrid quantum
systems based on NV centers coupled to a mechanical resonator [21], as well as spin-based strain
imaging devices [22]. For the development of these applications, the production of NDs remains
a challenge, given the difficulties and drawbacks of the standard production techniques, namely
detonation [23] and milling [24]. These procedures do not allow good control in tailoring NDs size [25]
and nitrogen doping concentration [26]. Moreover, postsynthesis processes are needed [27] to clean
the NDs from impurities—as usually strong chemical treatments are required [28,29]—and nitrogen
implantation is necessary to increase the number of NV centers in the nanocrystals [30]. Recently,
an interesting prospect to control nitrogen doping during NDs synthesis was proposed, consisting
of chemical vapor deposition (CVD) at a moderate level of N2 [31]. Furthermore, other top-down
fabrication methods were demonstrated, based on a combination of CVD and plasma etching, leading
to the formation of single-crystal NDs with uniform size of 30.0 ± 5.4 nm [32] and nanoscale cylindrical
(down to 100 nm diameter and 500 nm height) diamond particles [33]. Of great importance for
sensing applications is the production of NDs with a highly dense NV ensemble to increase detection
efficiency. As a matter of fact, sensitivity scales as N−1/2 with N being the number of NV centers [4].
The standard way to obtain highly NV-dense NDs requires a multistep post-synthesis treatment
of the NDs, consisting of ion/electrons irradiation followed by annealing at high temperatures [30].
An alternative is represented by laser ablation, which was proven to successfully convert graphite into
NDs with a limited size distribution (≤100 nm) [34,35]. Furthermore, ablation of a carbon precursor
immersed in a nitrogen-containing medium brings to highly NV-fluorescent NDs, without the need
for secondary treatments to improve the NV centers’ density [36,37]. In this paper, we compare the
different NV centers’ production efficiency of the recently developed fluorescent NDs laser ablation
synthesis techniques, namely the ablation of the N-doped graphite in water [35], gaseous [36] and
liquid nitrogen (LN2 ) [37]. Firstly, the actual formation of NV containing NDs through laser ablation
of the N-doped graphite target in water is proved. The produced sample is fully characterized in its
structural and optical properties. In particular, it shows a strong photoluminescence (PL) emission
and a typical NV− center optically detected magnetic resonance (ODMR) fingerprint, thus proving the
NV-hosting NDs formation upon laser ablation. The N-doped graphite target is then laser-ablated
in different environments (namely N2 atmosphere and LN2 ), to study possible additional nitrogen
content due to the medium effects on NDs fluorescence intensity (namely on NV density). The different
observations are reported, showing that ablation in LN2 brings the best NV-centers-enriched NDs
production efficiency. Furthermore, the main aspects of the thermodynamic processes explaining this
result are illustrated. Finally, we showed that this particular N-doped target could open a way to
obtain NDs with a tunable concentration of NV centers.
2. Materials and Methods
2.1. N-Doped Graphite Target Preparation
Graphite powder (median size 7–10 µm) was purchased from Alfa Aesar (Ward Hill, MA,
USA). Chemicals have been purchased in reagent grade from Sigma Aldrich (Saint Louis, MO, USA)
and Alfa Aesar and have been used without further purification. The N-doped graphite powder was
obtained performing the well-known 1,3-dipolar cycloaddition [38,39] via amino acid in situ-generated
azomethine ylide (glycine or histidine) on the sp2 carbon graphite surface. The cycloaddition adduct,
a pyrrolidine ring, brings the nitrogen atom required for graphite doping. More in detail: 1.102 g
of graphite were suspended in a solution made by 0.550 g of paraformaldehyde (18.3 mmol, 1 eq)
and 1.650 g of glycine (22.0 mmol, 1.2 eq) in 20 mL of DMF. The suspension was allowed to react
for 2 h at 130 ◦ C under magnetic stirring. After cooling to room temperature, the reaction mixture
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was centrifuged (4000 rpm, 8 min) and the supernatant was discarded. The graphite was subjected
to several centrifugation cycles (water, 4000 rpm, 8 min, 3×; water/dioxane 1:1, 4000 rpm, 8 min, 3×;
dioxane, 4000 rpm, 8 min, 3×). Drying at 70 ◦ C for 24 h yielded the functionalized graphite, ready for
thermogravimetric analysis. Another sample with a lower concentration of nitrogen was prepared,
by changing the composition of the initial solution: 1.010 g of graphite were suspended in a solution of
2.52 g of p-nitrobenzaldehyde (16.7 mmol, 1 eq) and 3.080 g of histidine (20.0 mmol, 1.2 eq) in 45 mL of
DMF. Finally, 200 mg of the N-doped graphite powder was pressed to 50 bar to form a target of 1 cm
diameter and 1 mm thickness.
2.2. Pulsed Laser Ablation
Pulsed laser ablation of the N-doped graphite target is performed by using a KrF excimer laser
(Lambda-Physik Coherent LPX220i) having a wavelength of λ = 248 nm, pulse duration τ = 20 ns and
repetition rate of 10 Hz. Laser ablation was performed in different confining media: water, LN2 and
nitrogen atmosphere. For the ablation in liquid phase (water and LN2 ), the target was placed in a glass
vial, which was then filled with the liquid till a ~5 mm thick liquid layer covers the top surface of the
target. Regarding ablation in LN2 , to limit the unavoidable LN2 evaporation, the glass was in turn
placed in a polystyrene box filled with LN2 . The laser beam was focused on the target surface with
a 40 cm-focal length lens, to form a laser spot size of ~1 mm2 . Laser single-pulse energy was set to
~500 mJ, for a total of 3000 pulses. Once the ablation was performed, the target was removed from the
vial, and the liquid-suspended powder was slowly dried in an oven. Finally, the powder was dispersed
in 250 µL of isopropanol and then 2 µL were deposited on a substrate for characterization. For the
N-doped graphite target ablation in nitrogen atmosphere, the target was mounted inside a vacuum
chamber, which was brought to high vacuum conditions (residual pressure 10−4 Pa). Afterwards,
the chamber was filled with N2 gas, which was fluxed through a fluxmeter to attain a partial pressure
of 1 Pa. Laser ablation was performed with the same KrF laser, operated in the same configuration
(laser energy, spot size, number of pulses) described above for ablation in liquid, in order to compare
samples synthesized in the same nominal conditions. The ablated material was deposited onto a silicon
substrate positioned in front of the target at a distance of 10 cm. The initial cleaning procedure of
the silicon substrates included three subsequent baths in ultrapure acetone, ethanol and deionized
water in an ultrasonic bath (10 min for each passage) and then dried with gaseous nitrogen flux.
The silicon substrate was mounted on a heated holder and, during deposition, the temperature was
kept at ~100 ◦ C. After the deposition, the film was annealed at 300 ◦ C for 1 h, in order to reduce the
internal stresses of the film and avoid delamination.
2.3. Characterization Techniques
To measure nitrogen concentration in the target, thermogravimetric analysis (TGA) was performed,
since it provides information about the thermal stability of surface groups. The derivatization amount
has been calculated from weight loss percentage differences at 650 ◦ C (where the adduct is completely
removed), with respect to the untreated graphite, and expressed in terms of mol/g. Nitrogen doping
amount has been expressed in terms of grams of nitrogen per gram of graphite, calculated from the molar
amount of pyrrolidine adduct per gram of graphite. Thermogravimetric measurements were carried
out on a TGA 4000 analyzer (Perkin Elmer, Waltham, MA, USA) under a high purity argon atmosphere,
in the temperature range 50–800 ◦ C, with a heating rate of 10 ◦ C min−1 (ca. 10 mg of sample were
used for each analysis). Morphological and compositional analysis of the laser-synthesized samples
was performed with a JEOL LSM-7001F Field Emission Scanning Electron Microscopy (SEM), using a
working distance (WD) of 10 mm and with an energy beam of 20 keV. Raman and photoluminescence
characterizations were made with a Jobin-Yvon Horiba LabRam Aramis confocal micro-Raman system,
operated in the following set: confocal hole 1000 µm, slit width 100 µm and grating 1800 lines/mm.
The excitation source was a DPSS laser with 532 nm wavelength, and the signal was collected with
an air-cooled multichannel CCD in the range 100–8000 cm−1 (corresponding to 535–926 nm with
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a 532 nm excitation), with an accuracy of ±1 cm−1 . Wide-field PL imaging was performed with
a Nikon Ti-E inverted wide-field microscope using a 532 nm laser pump (model: CNI laser mod.
MGL-III-532/50 mW). The PL signal was collected by a 40× (NA = 0.75 and 0.66 mm working distance)
refractive objective, and then filtered by a TRITC (Tetramethylrhodamine) dichroic beamsplitter, before
being measured by an sCMOS camera (ORCA-Flash4.0 V2, Hamamatsu, Hamamatsu City, Japan).
ODMR spectra are obtained with the same apparatus: under continuous laser excitation, the RF signal,
which was obtained with a WindFreak RF generator (SynthHD v1.4 54 MHz–13.6 GHz) and amplified
with a Mini-Circuits ZVE-3W-83+ 2W RF, are delivered on the sample with a homemade Au-coated
copper loop terminated with a high power RF dumper. The temporal sequence of the experiment
(RF delivery and camera acquisition) was obtained by suitably programming a SpinCore 100 MHz
TTL generator (Mod. TTL: PB12-100-4K). Finally, the collected images are processed with the Nikon
software NIS-Elements Advanced Research.
3. Results
3.1. NDs Synthesis and Characterization
The N-doped graphite powder, subsequently pressed to form the target for laser ablation,
was studied with TGA to quantify nitrogen concentration achieved during derivatization. As can
be seen in Figure 1a, a weight loss is observed at ~230 ◦ C compared to untreated graphite, due to
the removal of the pyrrolidine ring, thus proving successful derivatization. To quantify the nitrogen
amount obtained in the sample, the percentage weight loss was calculated at 650 ◦ C: from this value,
and knowing the molar weight of the adduct used, a nitrogen concentration of 23.2 mg/g of graphite is
reached in the derivatized sample. The pellet made with this N-doped powder was then used as a
target for laser ablation in water. SEM morphological analysis of the ablated material is reported in the
inset of Figure 1b, showing clustered nanoparticles having size <100 nm. Raman spectroscopy analysis
is reported in Figure 1b, where it can be seen that the spectrum is still dominated by the graphite G peak
at ~1580 cm−1 . The other peak, at 1336 cm−1 , is highlighted in Figure 1c bottom spectrum (red curve),
in which it is proved the presence of NDs in the ablated material. Indeed, the peak at 1336 cm−1 is a
convolution between the diamond peak (green dashed line) at 1335 cm−1 , and the residual graphitic D
peak (blue dashed line) at 1346 cm−1 [40], originating from the sp2 carbon atoms surrounding the NDs
cluster. To further confirm the presence of diamond phase, Figure 1c provides a comparison with the
graphite D peak of the starting target (brown curve). The peak is at higher wavenumber (1350 cm−1 )
and it is well fitted by a single gaussian, meaning that no diamond phase is present in the initial target.
The blue-shift of the NDs Raman peak respect to the 1332 cm−1 bulk diamond feature is
related to residual compressive strain acting on diamond nanocrystals [41]. NDs peak broadening
(FWHM ≈ 44 cm−1 ) was already observed in untreated detonation NDs showing Raman peak
FWHM > 30 cm−1 [13], due to high sp2 /sp3 [42] ratio in the NDs clusters and partial amorphization of
the nucleated NDs [43]. Both these two observations are consistent with NDs embedded in a graphitic
matrix, as in our case. Finally, both SEM analysis and Raman characterization are consistent with NDs
obtained through the ablation of pyrolytic graphite in different liquid environments [35,37]. Figure 1d
shows the PL spectrum, under continuous 532 nm laser excitation, of the starting N-doped graphite
target (black curve) and the NDs (red curve). In the latter case, a broad band is observed, consistent
with the already reported NV− emission [44,45] shifted toward the low-wavelength region due to
the presence of graphitic defects on the NDs surface [46]. Photoexcited electrons are trapped by the
sp2 carbon atoms on NDs surface [47], thus leading to the alteration of the typical NV− emission
spectrum. This is a first proof that the nitrogen contained in the target is incorporated in the forming
NDs upon laser irradiation. On the opposite, the starting target does not show any PL emission, as only
the Raman peaks of graphite (as described in the experimental section PL and Raman analysis are
performed with the same apparatus) are detected. The full interpretation of the Raman spectrum is
provided in the caption of Figure 1.
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image of a micrometer-sized cluster is given in Figure 2c while the corresponding PL image of the
same particle is reported in Figure 2d: as observed, only a portion of it presents a red emission.
This means that, as expected, not all the ablated graphite is converted into NDs. More quantitatively,

Micromachines 2020, 11, 579

6 of 12

by comparing the PL images with the corresponding optical image, the synthesis efficiency of the
fluorescent NDs/graphite was calculated. A rough estimate, given by the ratio between the area
showing PL emission of Figure 2b and that covered by graphite powder in Figure 2a brought to the
efficiency of fluorescent NDs synthesis of 6–7%. This result is consistent with the reported conversion
efficiency of 5% reported by Yang et al. [48] for NDs from the ablation of graphite in water. To check if
the PL emission is consistent with NV centers, and does not originate from other fluorescent sources
such as carbon quantum dots, we performed a PL stability measurement. Indeed, it is well known
that NVs present a long photostability compared to other carbon structures. The result is reported in
Figure 2e showing the normalized PL intensity (blue dots) together with the 2σ standard deviation
interval (green lines) of the data around the average value (red line) under continuous 532 nm laser
excitation. Excellent temporal stability of the emission over a 10 min timescale can be observed, proving
the quality and the origin of the NV fluorescence from our NDs. To finally prove NV center formation
inside the NDs, ODMR spectroscopy is performed over the bright spots observed with PL imaging
(Figure 2b). Figure 3 reports two typical ODMR spectra obtained by monitoring the PL intensity under
continuous laser excitation while sweeping an MW field in the 2800–2900 MHz. Both spectra show
a decrease in PL emission at around 2870 MHz, thus proving the NV– origin of the observed PL [4].
The different split in the peaks composing the ODMR is a consequence of the different strain field
acting on the NDs hosting the NV centers [36]. Furthermore, the strain effect is a consequence of NDs
limited size, and zero-field splitting in the order of a few MHz was already observed for HPHT-NDs
with a median size of 50 nm [49].
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3.2. NDs Production Yield: Role of the Confining Medium
Now that the synthesis of NV-enriched NDs through pulsed laser ablation of the N-doped
graphite is proved, we use this target to compare fluorescent NDs synthesis efficiency of different
laser-assisted production techniques, that are: laser ablation in water, in LN2 , and in nitrogen
atmosphere. The comparison is performed by preparing three samples using the same N-doped
graphite target which is laser irradiated in the three confining media. As described in the experimental
section, the samples are produced with the same nominal condition, just changing the confining
medium, to allow a proper comparison and study the effect of the latter. Morphological and structural
characterization of the ablated material when the N-doped graphite is ablated in LN2 and nitrogen
atmosphere is not given here, since it is already fully described in our recent papers [36,37] for the case
of pyrolytic graphite target. We do not expect any relevant difference with the use of this particular
target, as observed in this work for ablation in water.
To compare the different fluorescence intensities, PL imaging is used: from the PL pictures,
such as the one shown in Figure 2b, the background is properly removed and then the total intensity
of the image is integrated. For each sample, 10 images are collected and their integrated intensity is
averaged. The result is reported in Figure 4a, where the PL intensity of the nonirradiated target (T),
and the samples resulting from laser ablation in water (W), nitrogen atmosphere (N2 ) and LN2 are
compared. Typical PL imaging pictures are reported in Figure 3b for the different samples. The best
result in term of fluorescent NDs production efficiency is obtained for ablation in LN2 , that shows
an intensity 22 ± 4 times higher respect to the untreated target. Moreover, the LN2 sample shows
a double intensity with respect to ablation in nitrogen atmosphere. This is a consequence of the
different ablation plume expansion dynamics in a liquid or vapor medium [50,51]. The details of
the thermodynamic model describing the formation of NDs in the two cases are deeply described
in [36,37], here only a brief summary is given. When the ablation is performed in a dense environment
such as a liquid, the thermodynamic conditions required for diamond phase formation are enhanced
in the inner of the ablation plume [34,52]. These conditions are high pressure, high temperature and
rapid quenching of the plume [53,54]. Regarding the former, the ablation process in LN2 brings the
pressure inside the ablation plume to ≈3.5 GPa [37,55], much higher than the pressure of 220 MPa
reached for ablation in a 1 Pa nitrogen atmosphere [36]. Since high pressures are required to form a
diamond phase during laser ablation of graphite [56], a larger efficiency in synthesis of fluorescent
NDs is expected for ablation in LN2 where cooling rate is of the order of 1011–12 K/s [57]. Whereas,
regarding the quenching in the N2 atmosphere, the lifetime of the plume is much longer and collisional
cooling is not very efficient compared to cooling in LN2 . This longer lifetime leads to a larger sp2
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carbon atoms contamination of the forming NDs, because chemical reactions in the plume occur when
temperature and pressure are decreased and no longer the ones required for diamond phase formation.
Graphitic layers covering NDs are reported to quench NV emission intensity [58], thus N2 -atmosphere
sample is expected to show weaker luminescence emission as observed indeed in Figure 4a. Lastly,
the less luminescent sample is obtained for ablation in water. This can be easily explained considering
that the fluorescence relies only on the nitrogen atoms contained in the target, which is subsequently
incorporated by the NDs formed upon ablation in the water environment. On the other hand, ablation
in a nitrogen-containing media brings to dissociation of N2 molecules of the liquid/atmosphere [36,37],
providing an additional source of nitrogen doping, thus leading to a larger density of NV centers in
Micromachines
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3.3. Fluorescent NDs Production Yield: Role of the Target
3.3. Fluorescent NDs Production Yield: Role of the Target
To study the effect on NV-synthesis efficiency of nitrogen concentration in the target used for laser
To study the effect on NV-synthesis efficiency of nitrogen concentration in the target used for
ablation, a graphite target with a lower N-doping level is prepared. With TGA analysis (Figure 5a)
laser ablation, a graphite target with a lower N-doping level is prepared. With TGA analysis (Figure
the nitrogen concentration is estimated to be 5.8 mg/g of graphite. This target, that will be referred
5a) the nitrogen concentration is estimated to be 5.8 mg/g of graphite. This target, that will be referred
to as “Low N”, is compared with the target described above, that from now on will be called “High
to as “Low N”, is compared with the target described above, that from now on will be called “High
N”. The latter, as described previously, has a nitrogen concentration of 23.3 mg/g of graphite, which is
N”. The latter, as described previously, has a nitrogen concentration of 23.3 mg/g of graphite, which
~4 times higher respect to the “Low N”. To perform the comparison, the two targets are laser-ablated
is ~4 times higher respect to the “Low N”. To perform the comparison, the two targets are laserin water, and the obtained samples are analyzed with PL imaging. The ablation is performed in water
ablated in water, and the obtained samples are analyzed with PL imaging. The ablation is performed
because the effect of the initial nitrogen doping in the target is the aim of the experiment, so the laser
in water because the effect of the initial nitrogen doping in the target is the aim of the experiment, so
irradiation is performed in a medium that does not bring to an additional nitrogen doping. The result
the laser irradiation is performed in a medium that does not bring to an additional nitrogen doping.
of the PL imaging analysis is reported in Figure 5b: the “High N” sample shows a larger PL intensity,
The result of the PL imaging analysis is reported in Figure 5b: the “High N” sample shows a larger
meaning that higher doping in the target does bring to a higher concentration of NV in the formed
PL intensity, meaning that higher doping in the target does bring to a higher concentration of NV in
NDs. In particular, the ratio between the two samples PL intensity is 4 ± 1, similar to the ratio between
the formed NDs. In particular, the ratio between the two samples PL intensity is 4 ± 1, similar to the
the initial nitrogen doping. As a consequence, NDs fluorescence may be tuned by varying nitrogen
ratio between the initial nitrogen doping. As a consequence, NDs fluorescence may be tuned by
doping in the target used for laser ablation: this result is the first step into establishing a route for the
varying nitrogen doping in the target used for laser ablation: this result is the first step into
synthesis of NDs hosting a controlled number of NV centers. Finally, a last comparison is performed,
establishing a route for the synthesis of NDs hosting a controlled number of NV centers. Finally, a
last comparison is performed, with the aim of establishing if the dominant source of nitrogen atoms
to form NV centers in the NDs is the nitrogen contained in the target or in the confining medium. To
do that, two samples are prepared both by laser ablation in LN2: one by using as a target the nitrogendoped graphite (“N-doped G” sample) the other by using standard pyrolytic graphite (“Bulk G”
sample). The comparison, studied through PL imaging, is reported in Figure 5c: as can be seen, within
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with the aim of establishing if the dominant source of nitrogen atoms to form NV centers in the NDs is
the nitrogen contained in the target or in the confining medium. To do that, two samples are prepared
both by laser ablation in LN2 : one by using as a target the nitrogen-doped graphite (“N-doped G”
sample) the other by using standard pyrolytic graphite (“Bulk G” sample). The comparison, studied
through PL imaging, is reported in Figure 5c: as can be seen, within the experimental error, the two
samples have the same PL intensity. This means that, at the present doping level of the target, the most
relevant source of nitrogen atoms to form NV centers in the NDs is LN2 .
Micromachines 2020, 11, x

10 of 13

Figure5.5.(a)
(a)TGA
TGAanalysis
analysisofofthe
thetarget
targetwith
withlow
lownitrogen
nitrogendoping
doping(“Low
(“LowN”
N”target).
target).Nitrogen
Nitrogencontent
contentis
Figure
is extracted
by measuring
the weight
the N-doped
graphite
(red
line) to
respect
to untreated
extracted
by measuring
the weight
loss ofloss
the of
N-doped
graphite
(red line)
respect
untreated
graphite
◦ C (green
graphite
at 650 line).
°C (green
line). of
(b)different
Effect ofnitrogen
differentdoping
nitrogen
doping
in the
PL
(blue
line) (blue
at 650line)
(b) Effect
in the
target.
PL target.
intensities
intensities
comparison
between
NDs
laser-ablated
in
water
from
the
“High
N”
and
“Low
N”
target.
comparison between NDs laser-ablated in water from the “High N” and “Low N” target. (c) PL intensity
(c) PL intensity
comparison
between
ablation
in LN
2 of standard
pyrolytic
graphitegraphite
and N-doped
comparison
between
laser ablation
in laser
LN2 of
standard
pyrolytic
graphite
and N-doped
target.
In (b,c),
the PL intensity
is obtained
by integrating
10 images
after background
Ingraphite
(b,c), thetarget.
PL intensity
is obtained
by integrating
10 images
after background
subtraction.
The error
subtraction.
The error
bars are the standard deviations.
bars
are the standard
deviations.

4.4.Conclusions
Conclusions
− centers through pulsed
InInconclusion,
conclusion,we
wehave
havedemonstrated
demonstratedthe
thesynthesis
synthesisof
ofNDs
NDshosting
hosting NV
NV- centers
through pulsed
laser
in their
theirmorphological
morphological
laserablation
ablationofofaanitrogen-doped
nitrogen-dopedgraphite
graphitetarget.
target. NDs
NDs are fully characterized in
and
crystal
structure,
as
well
as
in
the
optical
properties.
Furthermore,
the
presence
of
NV centers
centersin
in
and crystal structure, as well as in the optical properties.
presence of NV
the
Moreover, this
thisparticular
particular
theNDs
NDsisisunequivocally
unequivocallyproved
provedby
byoptically
optically detected
detected magnetic resonance. Moreover,
target
recently developed
developedby
byour
ourgroup,
group,
targetisisused
usedtotocompare
comparedifferent
differentlaser-ablation-based
laser-ablation-based techniques recently
namely
The aim
aimisis to
to find
find the
the best
best
namelylaser
laserablation
ablationofofgraphite
graphitein
inLN
LN22 and in a nitrogen
nitrogen atmosphere.
atmosphere. The
conditionfor
forthe
theproduction
productionof
ofNV-doped
NV-dopedNDs,
NDs, through
through the
the single-step,
single-step, scalable
condition
scalable and
and facile
facile process
process
providedbyby
laser
synthesis.
result
in terms
of fluorescent
NDs formation
efficiency
is
provided
laser
synthesis.
TheThe
bestbest
result
in terms
of fluorescent
NDs formation
efficiency
is obtained
obtained
for
ablation
in
LN
2
:
an
explanation
of
the
physical
processes
leading
to
this
outcome
is
for ablation in LN2 : an explanation of the physical processes leading to this outcome is provided.
provided.

Author Contributions: Experiment conceptualization: L.B., M.S., A.B. (Angelo Bifone), and A.M.; sample
Author Contributions:
conceptualization:
L.B., M.S., A.Bifone,
and A.M.;
sample preparation:
preparation:
M.S. and Experiment
A.B. (Alessandro
Barge); experiments:
L.B.; sample
characterization:
L.B., M.S.
M.S.,
N.B.
M.C.; experiments:
data interpretation:
L.B.,characterization:
M.S., M.C., M.O.
and
A.M.;
draft preparation:
and and
A.Barge.;
L.B.; sample
L.B.,
M.S.,
N.B.writing—original
and M.C.; data interpretation:
L.B.,
L.B.;
and editing:
M.S., M.C.;
M.O.;
A.B. (Angelo
Bifone) and A.M.;
M.S.,writing—review
M.C., M.O. and A.M.;
writing—original
draft
preparation:
L.B.; writing—review
and project
editing:supervision:
M.S., M.C.;
A.B.
(Angelo
Bifone)
A.M.
All authors
have read
and agreed
to the
version
of the
M.O.;
A.Bifone
andand
A.M.;
project
supervision:
A.Bifone
and A.M.
Allpublished
authors have
read
andmanuscript.
agreed to the
published
version
of theacknowledges
manuscript. funding by the European Union Horizon 2020 research and innovation
Funding:
Angelo
Bifone
program under the MSCA-ITN grant agreement 766402 (ZULF-NMR) and FET-OPEN grant agreement 858149
Funding: A.Bifone acknowledges funding by the European Union Horizon 2020 research and innovation
(AlternativesToGd).
program under the MSCA-ITN grant agreement 766402 (ZULF-NMR) and FET-OPEN grant agreement 858149
Conflicts of Interest: The authors declare no conflicts of interest.
(AlternativesToGd).
Conflicts of Interest: The authors declare no conflicts of interest.
References

1.References
Bersin, E.; Walsh, M.; Mouradian, S.L.; Trusheim, M.E.; Schröder, T.; Englund, D. Individual control and
readout of qubits in a sub-diffraction volume. NPJ Quantum Inf. 2019, 5, 38. [CrossRef]
1.
Bersin, E.; Walsh, M.; Mouradian, S.L.; Trusheim, M.E.; Schröder, T.; Englund, D. Individual control and
readout of qubits in a sub-diffraction volume. NPJ Quantum Inf. 2019, 5, 38.
2.
Tsurumoto, K.; Kuroiwa, R.; Kano, H.; Sekiguchi, Y.; Kosaka, H. Quantum teleportation-based state
transfer of photon polarization into a carbon spin in diamond. Commun. Phys. 2019, 2, 74.
3.
Taylor, J.M.; Cappellaro, P.; Childress, L.; Jiang, L.; Budker, D.; Hemmer, P.R.; Yacoby, A.; Walsworth, R.;
Lukin, M.D. High-sensitivity diamond magnetometer with nanoscale resolution. Nat. Phys. 2008, 4, 810–816.

Micromachines 2020, 11, 579

2.
3.

4.
5.
6.
7.
8.
9.

10.

11.

12.
13.
14.
15.

16.
17.

18.

19.

20.

21.
22.

10 of 12

Tsurumoto, K.; Kuroiwa, R.; Kano, H.; Sekiguchi, Y.; Kosaka, H. Quantum teleportation-based state transfer
of photon polarization into a carbon spin in diamond. Commun. Phys. 2019, 2, 74. [CrossRef]
Taylor, J.M.; Cappellaro, P.; Childress, L.; Jiang, L.; Budker, D.; Hemmer, P.R.; Yacoby, A.; Walsworth, R.;
Lukin, M.D. High-sensitivity diamond magnetometer with nanoscale resolution. Nat. Phys. 2008, 4, 810–816.
[CrossRef]
Rondin, L.; Tetienne, J.P.; Hingant, T.; Roch, J.F.; Maletinsky, P.; Jacques, V. Magnetometry with
nitrogen-vacancy defects in diamond. Rep. Prog. Phys. 2014, 77, 056503. [CrossRef]
Childress, L.; Hanson, R. Diamond NV centers for quantum computing and quantum networks. MRS Bull.
2013, 38, 134–138. [CrossRef]
Le Sage, D.; Arai, K.; Glenn, D.R.; DeVience, S.J.; Pham, L.M.; Rahn-Lee, L.; Lukin, M.D.; Yacoby, A.;
Komeli, A.; Walsworth, R.L. Optical magnetic imaging of living cells. Nature 2013, 496, 486–489. [CrossRef]
Casola, F.; van der Sar, T.; Yacoby, A. Probing condensed matter physics with magnetometry based on
nitrogen-vacancy centres in diamond. Nat. Rev. Mater. 2018, 3, 17088. [CrossRef]
Neumann, P.; Kolesov, R.; Naydenov, B.; Beck, J.; Rempp, F.; Steiner, M. Quantum register based on coupled
electron spins in a room-temperature solid. Nat. Phys. 2010, 6, 249–253. [CrossRef]
Tetienne, J.P.; Hingant, T.; Rondin, L.; Cavaillès, A.; Mayer, L.; Dantelle, G. Spin relaxometry of single
nitrogen-vacancy defects in diamond nanocrystals for magnetic noise sensing. Phys. Rev. B 2013, 87, 235436.
[CrossRef]
Dolde, F.; Fedder, H.; Doherty, M.W.; Nöbauer, T.; Rempp, F.; Balasubramanian, G.; Wolf, T.; Reinhard, F.;
Hollenberg, L.C.; Jelezko, F.; et al. Electric-field sensing using single diamond spins. Nat. Phys. 2011, 7,
459–463. [CrossRef]
Neumann, P.; Jakobi, I.; Dolde, F.; Burk, C.; Reuter, R.; Waldherr, G.; Honert, J.; Wolf, T.; Brunner, A.;
Shim, J.H.; et al. High-Precision Nanoscale Temperature Sensing Using Single Defects in Diamond. Nano Lett.
2013, 13, 2738–2742. [CrossRef] [PubMed]
Doherty, M.W.; Manson, N.B.; Delaney, P.; Jelezko, F.; Wrachtrup, J.; Hollenberg, L.C. The nitrogen-vacancy
colour centre in diamond. Phys. Rep. 2013, 528, 1–45. [CrossRef]
Mochalin, V.N.; Shenderova, O.A.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds.
Nat. Nanotechnol. 2012, 7, 11–23. [CrossRef] [PubMed]
Schrand, A.M.; Hens, S.A.C.; Shenderova, O.A. Nanodiamond particles: Properties and perspectives for
bioapplications. Crit. Rev. Solid State Mater. Sci. 2009, 34, 18–74. [CrossRef]
Osipov, V.Y.; Treussart, F.; Zargaleh, S.A.; Takai, K.; Shakhov, F.M.; Hogan, B.T.; Baldycheva, A.
Photoluminescence from NV−Centres in 5 nm Detonation Nanodiamonds: Identification and High Sensitivity
to Magnetic Field. Nanoscale Res. Lett. 2019, 14, 1–14. [CrossRef] [PubMed]
Kianinia, M.; Shimoni, O.; Bendavid, A.; Schell, A.W.; Randolph, S.J.; Toth, M.; Aharonovich, I.; Lobo, C.J.
Robust, directed assembly of fluorescent nanodiamonds. Nanoscale 2016, 8, 18032–18037. [CrossRef]
Sotoma, S.; Terada, D.; Segawa, T.F.; Igarashi, R.; Harada, T.; Shirakawa, M. Enrichment of ODMR-active
nitrogen-vacancy centres in five-nanometre-sized detonation-synthesized nanodiamonds: Nanoprobes for
temperature, angle and position. Sci. Rep. 2018, 8, 5463. [CrossRef]
Hsiao, W.W.W.; Hui, Y.Y.; Tsai, P.C.; Chang, H.C. Fluorescent nanodiamond: A versatile tool for long-term
cell tracking, super-resolution imaging, and nanoscale temperature sensing. Acc. Chem. Res. 2016, 49,
400–407. [CrossRef]
Gorrini, F.; Giri, R.; Avalos, C.E.; Tambalo, S.; Mannucci, S.; Basso, L.; Bazzanella, N.; Dorigoni, C.;
Cazzanelli, M.; Marzola, P.; et al. Fast and sensitive detection of paramagnetic species using coupled charge
and spin dynamics in strongly fluorescent nanodiamonds. ACS Appl. Mater. Interfaces 2019, 11, 24412–24422.
[CrossRef]
Rendler, T.; Neburkova, J.; Zemek, O.; Kotek, J.; Zappe, A.; Chu, Z.; Cigler, P.; Wrachtrup, J. Optical imaging of
localized chemical events using programmable diamond quantum nanosensors. Nat. Commun. 2017, 8, 14701.
[CrossRef]
Teissier, J.; Barfuss, A.; Appel, P.; Neu, E.; Maletinsky, P. Strain coupling of a nitrogen-vacancy center spin to
a diamond mechanical oscillator. Phys. Rev. Lett. 2014, 113, 020503. [CrossRef] [PubMed]
Ovartchaiyapong, P.; Lee, K.W.; Myers, B.A.; Jayich, A.C.B. Dynamic strain-mediated coupling of a single
diamond spin to a mechanical resonator. Nat. Commun. 2014, 5, 4429. [CrossRef] [PubMed]

Micromachines 2020, 11, 579

23.

24.
25.
26.

27.
28.
29.
30.
31.

32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

11 of 12

Reineck, P.; Capelli, M.; Lau, D.W.M.; Jeske, J.; Field, M.R.; Ohshima, T. Bright and photostable
nitrogen-vacancy fluorescence from unprocessed detonation nanodiamonds. Nanoscale 2017, 9, 497–502.
[CrossRef] [PubMed]
Nunn, N.; Torelli, M.; McGuire, G.; Shenderova, O. Nanodiamond: A high impact nanomaterial. Curr. Opin.
Solid State Mater. Sci. 2017, 21, 1–9. [CrossRef]
Osswald, S.; Havel, M.; Mochalin, V.; Yushin, G.; Gogotsi, Y. Increase of nanodiamond crystal size by selective
oxidation. Diam. Relat. Mater. 2008, 17, 1122–1126. [CrossRef]
Su, L.J.; Fang, C.Y.; Chang, Y.T.; Chen, K.M.; Yu, Y.C.; Hsu, J.H.; Chang, H.C. Creation of high density
ensembles of nitrogen-vacancy centers in nitrogen-rich type Ib nanodiamonds. Nanotechnology 2013, 24, 315702.
[CrossRef]
Liang, Y.; Ozawa, M.; Krueger, A. A general procedure to functionalize agglomerating nanoparticles
demonstrated on nanodiamonds. ACS Nano 2009, 3, 2288–2296. [CrossRef]
Brown, K.J.; Chartier, E.; Sweet, E.M.; Hopper, D.A.; Bassett, L.C. Cleaning diamond surfaces using boiling
acid treatment in a standard laboratory chemical hood. J. Chem. Health Saf. 2019, 26, 40–44. [CrossRef]
Nagl, A.; Hemelaar, S.R.; Schirhagl, R. Improving surface and defect center chemistry of fluorescent
nanodiamonds for imaging purposes—A review. Anal. Bioanal. Chem. 2015, 407, 7521–7536. [CrossRef]
Abe, E.; Sasaki, K. Tutorial: Magnetic resonance with nitrogen-vacancy centers in diamond—Microwave
engineering, materials science, and magnetometry. J. Appl. Phys. 2018, 123, 161101. [CrossRef]
Tallaire, A.; Brinza, O.; De Feudis, M.; Ferrier, A.; Touati, N.; Binet, L. Synthesis of Loose Nanodiamonds
Containing Nitrogen-Vacancy Centers for Magnetic and Thermal Sensing. ACS Appl. Nano Mater. 2019, 2,
5952–5962. [CrossRef]
Zheng, J.; Lienhard, B.; Doerk, G.; Cotlet, M.; Bersin, E.; Kim, H.S.; Byun, Y.C.; Nam, C.Y.; Kim, J.;
Black, C.T.; et al. Top-down fabrication of high-uniformity nanodiamonds by self-assembled block copolymer
masks. Sci. Rep. 2019, 9, 6914. [CrossRef] [PubMed]
Andrich, P.; Alemán, B.J.; Lee, J.C.; Ohno, K.; de las Casas, C.F.; Heremans, F.J.; Hu, E.L.; Awschalom, D.D.
Engineered micro-and nanoscale diamonds as mobile probes for high-resolution sensing in fluid. Nano Lett.
2014, 14, 4959–4964. [CrossRef]
Gorrini, F.; Cazzanelli, M.; Bazzanella, N.; Edla, R.; Gemmi, M.; Cappello, V.; David, J.; Dorigoni, C.;
Bifone, A.; Miotello, A. On the thermodynamic path enabling a room-temperature, laser-assisted graphite to
nanodiamond transformation. Sci. Rep. 2016, 6, 35244. [CrossRef]
Basso, L.; Gorrini, F.; Bazzanella, N.; Cazzanelli, M.; Dorigoni, C.; Bifone, A.; Miotello, A. The modeling
and synthesis of nanodiamonds by laser ablation of graphite and diamond-like carbon in liquid-confined
ambient. Appl. Phys. A 2018, 124, 72. [CrossRef]
Basso, L.; Gorrini, F.; Cazzanelli, M.; Bazzanella, N.; Bifone, A.; Miotello, A. An all-optical single-step process
for production of nanometric-sized fluorescent diamonds. Nanoscale 2018, 10, 5738–5744. [CrossRef]
Basso, L.; Bazzanella, N.; Cazzanelli, M.; Miotello, A. On the route towards a facile fluorescent nanodiamonds
laser-synthesis. Carbon 2019, 153, 148–155. [CrossRef]
Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chemistry of carbon nanotubes. Chem. Rev. 2006, 106,
1105–1136. [CrossRef]
Quintana, M.; Spyrou, K.; Grzelczak, M.; Browne, W.R.; Rudolf, P.; Prato, M. Functionalization of graphene
via 1, 3-dipolar cycloaddition. ACS Nano 2010, 4, 3527–3533. [CrossRef]
Ferrari, A.C.; Robertson, J. Raman spectroscopy of amorphous, nanostructured, diamond–like carbon,
and nanodiamonds. Philos. Trans. R. Soc. Lond. 2004, 362, 2477–2512. [CrossRef]
Liu, E.; Li, L.; Blanpain, B.; Celis, J.P. Residual stresses of diamond and diamondlike carbon films. J. Appl. Phys.
2005, 98, 073515. [CrossRef]
Osswald, S.; Mochalin, V.N.; Havel, M.; Yushin, G.; Gogotsi, Y. Phonon confinement effects in the Raman
spectrum of nanodiamond. Phys. Rev. B 2009, 80, 075419. [CrossRef]
Prawer, S.; Nugent, K.W.; Jamieson, D.N.; Orwa, J.O.; Bursill, L.A.; Peng, J.L. The Raman spectrum of
nanocrystalline diamond. Chem. Phys. Lett. 2000, 332, 93–97. [CrossRef]
Bradac, C.; Gaebel, T.; Naidoo, N.; Sellars, M.J.; Twamley, J.; Brown, L.J. Observation and control of blinking
nitrogen-vacancy centres in discrete nanodiamonds. Nat. Nanotechnol. 2010, 5, 345–349. [CrossRef] [PubMed]
Chung, P.H.; Perevedentseva, E.; Cheng, C.L. The particle size-dependent photoluminescence of
nanodiamonds. Surf. Sci. 2007, 601, 3866–3870. [CrossRef]

Micromachines 2020, 11, 579

46.

47.

48.
49.

50.

51.
52.
53.
54.
55.
56.
57.
58.

12 of 12

Kirmani, A.R.; Peng, W.; Mahfouz, R.; Amassian, A.; Losovyj, Y.; Idriss, H.; Katsiev, K. On the relation
between chemical composition and optical properties of detonation nanodiamonds. Carbon 2015, 94, 79–84.
[CrossRef]
Stacey, A.; Dontschuk, N.; Chou, J.P.; Broadway, D.A.; Schenk, A.K.; Sear, M.J.; Tetienne, J.P.; Hoffman, A.;
Prawer, S.; Pakes, C.I.; et al. Evidence for primal sp2 defects at the diamond surface: Candidates for electron
trapping and noise sources. Adv. Mater. Interfaces 2019, 6, 1801449. [CrossRef]
Yang, L.; May, P.W.; Yin, L.; Smith, J.A.; Rosser, K.N. Growth of diamond nanocrystals by pulsed laser
ablation of graphite in liquid. Diam. Relat. Mater. 2007, 16, 725–729. [CrossRef]
Sotoma, S.; Akagi, K.; Hosokawa, S.; Igarashi, R.; Tochio, H.; Harada, Y.; Shirakawa, M. Comprehensive and
quantitative analysis for controlling the physical/chemical states and particle properties of nanodiamonds
for biological applications. RSC Adv. 2015, 5, 13818–13827. [CrossRef]
Shih, C.Y.; Shugaev, M.V.; Wu, C.; Zhigilei, L.V. Generation of subsurface voids, incubation effect,
and formation of nanoparticles in short pulse laser interactions with bulk metal targets in liquid: Molecular
dynamics study. J. Phys. Chem. C 2017, 121, 16549–16567. [CrossRef]
Harilal, S.S.; Bindhu, C.V.; Tillack, M.S.; Najmabadi, F.; Gaeris, A.C. Internal structure and expansion
dynamics of laser ablation plumes into ambient gases. J. Appl. Phys. 2003, 93, 2380–2388. [CrossRef]
Amans, D.; Chenus, A.C.; Ledoux, G.; Dujardin, C.; Reynaud, C.; Sublemontier, O. Nanodiamond synthesis
by pulsed laser ablation in liquids. Diam. Relat. Mater. 2009, 18, 177–180. [CrossRef]
Shih, C.Y.; Wu, C.; Shugaev, M.V.; Zhigilei, L.V. Atomistic modeling of nanoparticle generation in short pulse
laser ablation of thin metal films in water. J. Colloid Interface Sci. 2017, 489, 3–17. [CrossRef]
Saito, K.; Takatani, K.; Sakka, T.; Ogata, Y.H. Observation of the light emitting region produced by pulsed
laser irradiation to a solid–liquid interface. Appl. Surf. Sci. 2002, 197, 56–60. [CrossRef]
Fabbro, R.; Fournier, J.; Ballard, P.; Devaux, D.; Virmont, J. Physical study of laser-produced plasma in
confined geometry. J. Appl. Phys. 1990, 68, 775–784. [CrossRef]
Wang, C.X.; Liu, P.; Cui, H.; Yang, G.W. Nucleation and growth kinetics of nanocrystals formed upon
pulsed-laser ablation in liquid. Appl. Phys. Lett. 2005, 87, 201913. [CrossRef]
Yan, Z.; Chrisey, D.B. Pulsed laser ablation in liquid for micro-/nanostructure generation. J. Photochem.
Photobiol. C 2012, 13, 204–223. [CrossRef]
Smith, B.R.; Gruber, D.; Plakhotnik, T. The effects of surface oxidation on luminescence of nano diamonds.
Diam. Relat. Mater. 2010, 19, 314–318. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

