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HIGHLIGHTS
Ultrafast laser shock is used to

transform graphite to
nanodiamonds at ambient
conditions

The nanodiamonds can
individually host ~100 NV centers

(@)
O;D\Kﬁm Annealing greatly enriches
&= number of NV centers and
enhances spontaneous decay rate

Evolution of high density NV centers in nanodiamonds
after laser shock

Motlag et al. describe an ultrafast laser shocking technique to obtain ultrahigh
concentrations of color centers in nanodiamonds (~5 nm) under ambient
conditions. Each nanodiamond can individually host ~100 NV centers, which is
orders of magnitude higher than the state of the art.
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SUMMARY

Nanodiamonds (NDs) with nitrogen vacancy (NV) color centers have
the potential for quantum information science and bioimaging due
to their stable and non-classical photon emission at room tempera-
ture. Large-scale fabrication of molecular-size nanodiamonds with
sufficient color centers may economically promote their application
in versatile multidisciplinary fields. Here, the manufacture of molec-
ular-size NV center-enriched nanodiamonds from graphite powder
is reported. We use an ultrafast laser shocking technique to
generate intense plasma, which transforms graphite to nanodia-
monds under the confinement layer. Molecular dynamics simula-
tions suggest that the high pressure of 35 GPa and the high temper-
ature of 3,000K result in the metaphase transition of graphite to
nanodiamonds within 100 ps. A high concentration of NV centers
is observed at the optimal laser energy of 3.82 GW/cm?, at which
point molecular-size (~5 nm) nanodiamonds can individually host
as many as 100 NV centers. Consecutive melamine annealing
following ultrafast laser shocking enriches the number of NV centers
>10-fold and enhances the spontaneous decay rate of the NV center
by up to 5 times. Our work may enhance the feasibility of nanodia-
monds for applications, including quantum information, electro-
magnetic sensing, bioimaging, and drug delivery.

INTRODUCTION

The nitrogen vacancy (NV) center in diamonds has played an important role in quan-

tum computing,” magnetic fields,® sensing nuclei,>® and bioimaging.”® The
emerging nanometer-size diamond particles enriched by the NV centers have drawn
much attention due to their unique optical properties.” '? Due to the long coher-
ence time (~milliseconds at room temperature) of the electron spin states, the nano-
diamond (ND) becomes sensitive to electric and magnetic fields. The ND is also a
promising candidate in bioimaging and biomedicine due to features such as
photoluminescence, biocompatibility, and flexible surface chemistry.1346 The
outstanding photostability and brightness of the ND enable the longtime visualiza-
tion of biological specimens with high temporal and spatial resolution. Meanwhile,
the ND also exhibits great sensitivity to the magnetic field and acoustic waves,
enabling it to be an excellent marker for electron imaging, nuclear magnetic reso-
nance (NMR), and acoustic imaging. Such multimodal imaging biomarkers would
ensure better elucidation of physiological mechanisms at molecular and cellular
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levels, thus having an immensely beneficial role in the improved diagnosis

and therapeutic management of a disease. Researchers have indicated that the
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ND could also serve as the probe for imaging-guided drug delivery and that the ef-
ficiency of the drug delivery can be accelerated in cancer treatment and therapy.”’
Biomedical applications could substantially benefit from molecular-size NDs with
abundant color centers. Reduction in the size of the NDs would facilitate cellular up-
take and transportation in the vesicles and between organs, and would allow more
sensitive detection of electromagnetic fields.

Alongside the conventional manufacturing approaches of NDs, such as ion implan-
tation,” high pressure high temperature (HPHT),?" and chemical vapor deposition
(CVD),?? great efforts have been made to fabricate or synthesize molecular-size
(<5 nm) NDs.?*?* NDs <5 nm have been produced by several bottom-up and top-
down approaches; however, these fabrication methods are always limited by several
factors such as high energy, high cost, extreme environments, and low yield.?>?® In
this report, we fabricate diamonds from graphite using a laser shocking technique at
room temperature and atmospheric pressure. Melamine (C3HgNy), as the nitrogen
source of the nitrogen (N)-doped ND, contains 6 C-N bonds, 3 C=N bonds, and 6
N-H bonds. Hydrogen is the only impurity in this organic molecule. Conventional
detonation ND (DND) was produced by mixing graphite with explosive mixtures
such as trinitrotoluene (TNT) or hexogen (RDX), which also contains oxygen as an im-
purity. Therefore, the content of the lower-impurity atoms makes melamine an ideal
nitrogen source. Graphite spray-coated glass with a thin melamine layer and a glass
slide were put on the top as the confinement layer. Then, the sample was exposed to
a nanosecond-picosecond laser pulse that generated an intense thermal shock in a
short time, leading to extreme environment close to isovolumetric process. Due to
the increase in temperature, enormous pressure was generated, which transformed
the carbon layer into a metastable carbon plasma plume formation, which in turn,
formed a graphite-diamond phase.?” This novel approach to fabricating NDs with
NV centers has several advantages such as high-speed production, flexible process-
ing, and low cost, without high temperature, high vacuum, and expensive laser.

It is essential for NV centers as single-photon sources to emit sufficient brightness at
a fast rate.”® To increase the sensitivity of the NV centers, they should be brought
closer to the surface (<5 nm).*' Some methods such as oxygen annealing and plasma
treatment were applied to etch the surface of the diamond.*” These techniques are
difficult to control and can damage the surface of the diamond. Radiative decay has
played an important role in the excited lifetime; consequently, reduction lifetimes of
NV centers were reported by engineering the refractive index of the substrate,
manipulating the electromagnetic environment, or coupling with plasmonic mate-
rial.**=*’ An electron-hole pair was produced by an energy transfer from the NV cen-
ters to graphene; as a result, there was a decrease in lifetime and intensity.35 Here,
we report our work on a fabrication protocol for NV centers from graphite by laser
shaping. The size of the NDs is ~5 nm. We determined that the fluorescence decay
times of the NV center were 2.6 and 3.5 ns with the melamine layer since the position
of the NV center is closer to the surface. We observe that the melamine layer pro-
duces more NV centers due to an excess of nitrogen during laser ablation.

RESULTS AND DISCUSSION

Characterization of the As-Fabricated NDs

The ultrafast transition of N-doped graphite to the ND with color centers is enabled
by a confined pulse laser deposition (CPLD) setup, as depicted in Figure 1. The
mixture of graphite and melamine was deposited on the silica substrate in a sand-
wich structure with a transparent confinement layer on top. The ultrashort exposure
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Figure 1. Experimental Setup

(A) Experimental setup of ultrafast metaphase transition of N-doped graphite to nanodiamonds (NDs) with color centers. N-doped graphene is
obtained by mixing graphene and melamine.

(B) lllustration of metaphase transition from mixture of graphene and melamine to NDs with NV centers from molecular dynamics (MD) simulation.

of the high-energy laser pulses in such an extremely localized environment trans-
forms the graphite composite to ND particles, inside which some carbon atoms
were replaced by the defects, and the NV centers are formed. The inset of Figure 1
depicts the metaphase transition process, which is specifically discussed and vali-
dated via molecular dynamics (MD) simulations. In our work, we started from the
laser intensity of ~1.91 GW/cm?, corresponding to a laser pulse energy of 300
mJ, and ended at ~5.73 GW/cm?, corresponding to a pulse energy of 900 mJ. It
was found that all of the laser intensities led to ND crystals with distinguishable
growth faces (Figures 2A and 2B). As marked in white arrows and dashed circles in
Figures 2A and S1A, NDs ~5 nm in diameter possess distinctive lattice structures
as compared to the surrounding graphite; the size distribution is shown in Figure 2H.
The lattice of the ND lattice is distorted since the ND is doped by nitrogen, which
results in the formation of the NV color centers in the ND. As shown in a high-reso-
lution transmission electron microscopy (HRTEM) image in Figures 2B and S1B, the
lattice spaces (02-2) of 0.252 nm indicate the atomic arrangement of N-doped NDs
along the [111] zone axis, while the interplanar space of the {110} family of the crystal
plane in the single ND is 0.246 nm. Figure 2C shows the corresponding fast Fourier
transform (FFT) image from Figure 2B. Atomic force microscopy (AFM) topographoy
(Figures S5A and S5B) shows that the ND has a size of 5019 nm and uniformily distrib-
uted on the glass substrate. However, due to the inhomogeneity of the melamine
distribution, the highly doped area has a higher fluorescence intensity, as
shown in Figure S5C. Scanning transmission electron microscopy (STEM) and
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Figure 2. Microstructural and Compositional Analysis of As-Fabricated NDs

(A) HRTEM characterization of as-fabricated randomly oriented NDs. Scale bar, 5 nm.

(B) NDs oriented in [111] zone axis. Scale bar, 1 nm.

(C) FFT of the NDs shown in (B).

(D) High-angle annular dark-field imaging (HAADF)-STEM image of NDs. Scale bar, 50 nm.
(E) Nitrogen concentration along the line marked in (D) by EDS line scan.

(F and G) XPS characterization of NDs with C1s (F) and N1s (G).

(H) Size distribution of the nanodiamonds synthesized from laser shocking.

energy-dispersive spectroscopy (EDS) line scans were conducted to characterize the
composition of the fabricated NDs, as presented in Figures 2D and 2E. The distribu-
tion of nitrogen was confirmed with the help of X-ray energy-dispersive spectros-
copy, which is the direct evidence of the existence of nitrogen in NDs. Along the di-
rection of the line scan, shown as the red line in Figure 2D, the concentration of
nitrogen increases in the cluster of NDs. X-ray photoelectron spectroscopy (XPS)
was performed to further confirm the composition of the NDs. C1s (sp3) from NDs
was verified at 286.5 eV, and the C-N bond was observed at 288.5 eV, as seen in Fig-
ure 2F. The C1s XPS signal consists of 2 main peaks: one centered at 284.9 eV, cor-
responding to C-C bonds in the diamond matrix, and another peak centered at
287.3 eV, corresponding to C-N bonds. In addition, nitrogen binding was found
at ~401.0 eV to verify the successful integration of the NV center into NDs.*® The
main peak of the N1s signal at ~401 eV corresponds to chemical bonds of the
type N-sp>~C. This peak is a characteristic of interior elemental nitrogen covalently
bound within the diamond lattice. Figure S2 shows the XPS analysis of carbon and
nitrogen at 4 different sites. We can observe the formation of the C1s sp® peak
and the C1s C-N bonding peak, which prove that the NDs are successfully synthe-
sized from graphite and that nitrogen is successfully doped in the sample. In our
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XPS results, we tested the ND samples synthesized with different laser energies. The
main peak of the N1s signal at ~401 eV corresponds to chemical bonds of the type
N-sp>~C. This peak is a characteristic of interior elemental nitrogen covalently
bound within the diamond lattice. The C1s XPS signal consists of 2 main peaks:
one centered at 284.9 eV, corresponding to C-C bonds in the diamond matrix,
and the other peak centered at 287.3 eV, corresponding to C-N bonds.*”*° Among
all of the XPS results, we can observe the formation of the C1s sp® peak and the C1s
C-N bonding peak, which is another piece of evidence that the NDis successfully
synthesized from graphite and that nitrogen is successfully doped in the sample.
In addition, Raman spectroscopy in Figure Sé also shows the formation of nanodia-

mond since the sp*® bonded carbon contributes to the peak at 1347cm™".

The transformation of graphite-to-diamond has an intermediate phase of carbon vapors
that distort the crystalline order of graphite and dramatically reduce the dynamic barrier
for the diamond synthesis. The phase transition from the carbon vapor to graphite and
diamond has equal probability due to the negligible energy differences.*’ Therefore,
specific extreme conditions such as laser-induced plasma sources are required to
enable the selective transition of carbon vapors to diamonds. Experimental studies per-

formed at Los Alamos National Laboratory***>

suggest the transformation of graphite-
to-diamond phase at temperatures of ~5,000K and pressures of ~10 GPa. In our
approach, the localized high pressure generated by the laser shock assists in the
graphite-to-diamond phase transformation. The instantaneous increase of the temper-
ature induced by the ultrafast laser pulses activates the formation of the carbon plasma
plume in the sandwiched structure, leading to a large pressure. Meanwhile, the trans-
parent confinement layer impedes the thermal expansion of the carbon vapor, leading
to the extreme localized confinement, which further enhances the graphite-diamond
transition. Nian et al. attained ND formation using a nanosecond laser ablation of
graphite at lower pressures of 4.4 GPa due to localized high-density plasma resulting
from the solid confinement.** Classical MD and ab initio simulations demonstrated
the underlying mechanism of the kinetics of graphite-to-diamond phase conversion.*”
In this research, due to the localized high temperature and pressure generated by the
laser, the ND thin film is fabricated on the confinement layer. Therefore, the method
of laser-direct writing has the potential to scale the ND fabrication to 3-dimensional
(3D) scale by using a 3D patterned confinement layer. The 3D pattern can be achieved
by lithography, nanoimprinting, and e-beam lithography.

MD Simulation of Metastable Graphite-Diamond Phase Transition

As discussed in our prior work, the ultrafast laser pulse generates localized HPHT non-
equilibrium conditions, which result in metaphase transformation.”® The metaphase
transition of graphite to ND consists of 3 major steps: plasma formation, plasma
condensation, and ultrafast annealing. Here, we conducted ab initio simulations to
mimic the transformation of the graphite to the diamond with high temporal resolution.
Nanostructure evolution of the transformation was investigated using MD to an
observed NV center in NDs under HPHT conditions using laser heating. Graphitic nitro-
gen was subjected to laser heating to observe the preferred site of the implantation of
the NV center in NDs for the atomic configurations of the NV center in NDs. Graphene
was doped with ~1% nitrogen due to excess nitrogen atoms from melamine resulting in
N-doped graphite as seen in Figure 3A. The system was first minimized using the con-
jugate gradient method followed by equilibration using the isothermal-isobaric (NPT)
ensemble at a constant temperature of 300K for 40 ps. The equilibrated configuration
can be seen in Figure 3B. Initiation of the nucleation of the diamond metastable phase
was observed at ~60-70 ps and is denoted in Figure 3C. A non-equilibrium structural
metaphase transition of N-doped graphite to the N-doped metastable phase of cubic
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Figure 3. MD Simulation of the Metaphase Transformation of Graphene to NDs

(A) Initial configuration of 1% N-doped graphene. Gray represents the absence of cubic diamond
structure before equilibration.

(B) Equilibrated configuration at 40 ps.

(C) Initiation of nucleation of diamond metastable phase under HPHT. Slight evidence of phase
change is observed at ~60-70 ps.

(D) Structural transition of N-doped graphite to N-doped metastable phase of NDs observed at
~80-85 ps.

(E and F) Pressure and temperature profiles are shown for (A) and (B) as depicted by (i)(iv) (E), and
(F) shows the comparison of the radial distribution function of the NV center in NDs subjected to
laser heating and the radial distribution function of perfect cubic diamond structure.

ND under a high localized pressure of ~34 GPa and high temperature conditions of
2,900K was observed at ~80-85 ps (Figure 3D). It was found that the formation of the
NV~ centerin NDs was strongly dependent on the temperature and pressure conditions
during laser heating. The corresponding pressure and temperature profiles are shown in
Figure 3E. A substitutional site for nitrogen was generated due to the favorable temper-
ature and pressure conditions that were associated with a vacancy. The process of the
phase transformation is depicted in Videos S1 and S2. The presence of the NV center
was located using a superposition search algorithm. The coordinates of a perfect
N-doped ND structure with a vacancy (i.e., absence of a carbon atom adjacent to the
nitrogen atom) was compared with the coordinates of the output data files generated

from MD simulations to obtain a best fit>*’ via the rotation and translation of matrices.
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Figure 4. Photon Emission Behaviors of the NV Center in Synthesized NDs
(A) FLIM. Scale bar, 20 um.

(B—F) Photoluminescence (PL) spectrum showing the existence of NV centers (B), time-trace intensity (C), intensity distribution (D), time-correlated

single photon counting (TCSPC) decay curves (E), and the mean lifetime distribution of NV centers with and without melamine and the commercial
NDs (F).

(G) Antibunching measurement showing the evidence of single NV center photon emission.
(H-J) The histogram showing the distribution of fluorescence intensity. Error bars represents the standard error of the mean.

The structural characterization of the ND from the N-doped graphitic structure was
further validated with the help of the radial distribution function. It is defined

(n(r,4r

asg(r) = (élm’T)) where (n(r,Ar))is the average number of atoms in a spherical shell

of thickness Arr/z)-,l)t distance rand 4xr?Aris the volume of the shell. The diamond struc-
ture has neighboring carbon atoms at characteristic distances, which makes it
possible to identify the dynamic structural phase change from graphitic carbon to
ND carbon. As observed from Figure 3F, the radial distribution function obtained
from the simulations depict the first peak at a nearest-neighbor distance of 1.42 A
and the second peak at a nearest-neighbor distance of 2.46 A, which agree with
the radial distribution function of the perfect cubic diamond structure obtained
from simulations*®*” and experimental works.”*°" The phase transition of N-doped
graphite to the formation of the NV center in the ND structure using MD simulations
is shown in Video S1.

Analysis of the Photon Emission Behavior of the NDs

The photon emission from the NV centers of the ND was characterized by time-
resolved fluorescence microscopy. As shown in Figure 4, the addition of melamine
in the graphite composite significantly enriches the NV centers in the synthesized
ND, in which both the number and the brightness of the bright spot increase.
Compared with the commercial HPHT NDs (100 nm), our NDs hold similar fluores-
cent spectrums with the zero-phonon line at 638 nm (Figure 4B), which confirms

Cell Reports Physical Science 1, 100054, May 20, 2020 7
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the existence of the NV centers. Because of the different charge states of the NVs
formed in ND, there are 2 peaks shown in the photoluminescence (PL) spectrum of
NVs, NV~ (638 nm) and NV° (575 nm), which are the zero-phonon bands of the 2
kinds of NV centers.’>® Both of the PL spectrums shown in Figure 4B showed the
formation of the NV~ and NV° in the commercial 100-nm NDs and the synthesized
5-nm NDs. Room temperature absorption spectrum of the ND-melamine sample
shows a sharp peak at 636 nm, which shows the formation of NV~, as shown in Figure
S7. However, due to the concentration, the charge state and position of the NVs in
the 100-nm NDs and 5-nm NDs are different, and the intensity of the NV° peak
(575 nm) and the NV~ peak (638 nm) are different in the spectrums tested at different
places in the as-fabricated sample. All of the spectrums show the same shape with
different intensities, as seen in Figure S8. And because of the high concentration
of the NV center in the as-fabricated NDs, there will be lattice distortion in the ND
particles, which leads to different states between different NVs in ND particles.
Therefore, during a PL characterization, the PL signal for each NV will have tiny dif-
ferences and cause the broadening of the PL peaks.

Analysis of individual NDs has shown that the melamine coating between the graphite
layer and the transparent layer allows for a higher concentration of nitrogen during laser
shaping, which enhances the formation of NV centers. There is a >10-fold increase in the
fluorescence intensity (Figures 4C and 4D) and a slight increase (2.6-3.5 ns) in the
average fluorescence lifetime (Figures 4E and 4F). The average lifetime of a 20-nm ND
is 10.48 + 0.54 ns (data not shown) and 17.10 + 0.26 ns for a 100-nm ND (Figures 4E
and 4F). Figure 4C shows that the fluorescence intensity of the melamine-doped NDs de-
creases with time. This “photobleaching” effect is due to the energy transfer between NV
centers and the surrounding graphite residues, which are located on the surface of the
ND, with an average distance of 2.5 nm. The single NV center-hosted ND was acquired
from the commercial ND hosts the single NV, ordered from Microdiamant AG (MSY 0.05,
guaranteed agglomerate-free [GAF]). In addition, we have confirmed that most of the NV
centers (>90%) are single NV centers by the 2nd-order correlation (antibunching) mea-
surements, as shown in Figure 4G. According to the histogram shown in Figures 4H-
4J, the fluorescence intensity of the commercial 100-nm NDs that host 30-40 NVs has
a homogeneous distribution. In our investigation, the laser-synthesized NDs without
melamine doping have a very low fluorescence intensity compared with the commercial
100-nm ND. When synthesizing the ND with melamine, the fluorescence intensity and
distribution are shown to be in the same range as the commercial 100-nm ND, while
the nanoparticle size is much smaller than the commercial ND. Therefore, by comparing
the fluorescence intensity, we can conclude that the laser-synthesized NDs doped with
melamine has the same number of NV centers as the commercial 100-nm NDs, while
the size isonly ~5 nm. The ND thin filmis directly synthesized from graphite in a very short
time, which is caused by the ultrafast laser. The NVs are not deeply diffused into the ND
lattice, which results in the instability. One reason is that the ND is directly synthesized
from the mixture of graphite and melamine, the impurities in the ND film will also bleach
very fastwhen the filmis exposed to laser during the test. After purification by placing the
sample into perchloric acid at 200°C for 24 h, the photobleaching phenomenon disap-
pears. Further purification of the sample by placing it in perchloric acid at 200°C for
24 h recovers the fluorescence intensity and leads to stable emission (Figure 4C; Video
S3). The lifetime of the ND significantly decreased with the decreasing diameter of the
ND particle. Compared to the commercial ND, there was a significant reduction in life-
time for the NV centers by laser shaping. This is due to the smaller size of the ND, which
was found to be <5 nm, and that the NV center was closer to the surface of the ND. In
addition, after purification, the lifetime of the NDs increased due to the removal of the
graphite residue.
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Figure 5. Pulse Power-Dependent Photon Emission Behavior of the NDs

(A) Spectrum of the NV center emission from the NDs shaped by 1.91 GW/cm?, 3.82 GW/cm?, and 5.73 GW/cm? laser energies.

(B) Fluorescence lifetime of individual NDs fabricated by different laser shaping powers.

(C) Calculated number of NV centers from the NDs shaped by 1.91 GW/cm?, 3.82 GW/cm?, and 5.73 GW/cm? laser energies.
(D) Snap shots from MD simulation on evolution of nanodiamond distribution in N-doped nanodiamonds.

Error bars represent the standard errors of the mean.

We also examined the photon emission from the ND sample with different laser-
shaping intensities, from ~1.91 to ~5.73 GW/cm? (Figure 5). The NDs shaped by
1.91 GW/cm? and 5.73 GW/cm? power share similar spectral profiles, and the ND
shaped by the 3.82 GW/cm? pulse has an obviously blue shift in the spectrum.
This indicates that the NV centers in NDs shaped by 3.82 GW/cm? power have a
larger band gap, which could originate from the larger lattice distance and may sug-
gest phase transition at 3.82 GW/cm?. Previous studies®* > have shown a strong cor-
relation in the sizes of the NDs and changes in band gap. As the size of the ND de-
creases, the band gap increases due to strong quantum confinement effects.”®>’
Due to high pressure, manipulation of the lattice structure and the electronic orbitals
of the NV center is possible, resulting in a change in the band gap.*® In addition, the
pulse energy causes different laser-material interactions, which leads to a difference
in the production rate of ND particles and the dopant concentration. Therefore, the
band gap will change as well, which is reflected by the shifting of spectrums. This hy-
pothesis is further supported by the summary of the lifetime of each pulse power, as
shown in Figure 5B, in which a transition between 3.5 and 4 GW/cm? is observed.
The NDs we synthesized in the study generally have a large number of NVs, leading
to high fluorescence intensity. However, due to the nonuniformity of the melamine in
the original graphite, the position, number, and charge state of the NV vary signifi-
cantly in each single ND particle. The original lifetime distributions of the NV centers
in NDs synthesized by different laser intensities are shown in Figure S9.

Pulse Power-Dependent Photon Emission Behavior of the ND

Figure 5C depicts the calculated number of NV centers from the ND shaped at 3
different laser energies: 1.91 GW/cm?, 3.82 GW/cm?, and 5.73 GW/cm?. The num-
ber of NV centers in each ND was calculated by normalizing the fluorescence inten-
sity of each spot obtained in Figure 4A to the intensity of a single NV center. By
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synthesizing the ND with different laser pulse energies, we have found that a pulse
laser intensity of 3.82 GW/cm? is the most optimal condition to synthesize NDs with
high concentrations of NVs, which are due to the higher availability of substitutional
sites for nitrogen atoms at the optimal temperature and pressure conditions as
observed from the experiment and simulations. Either too high or too low levels
of energy are not beneficial for the formation of NVs in NDs. This also corresponds
to the phase transition observed in Figures 5A and 5B. Therefore, the melamine pro-
duces a high concentration of nitrogen during laser ablation, which leads to stable
NV~ near the surface. In addition, the presence of graphite allows the energy trans-
fer from the NV center to graphene, producing 1 electron-hole pair,®> which influ-
ences the fluorescence behavior of NV centers. The schematic process of MD simu-
lations is explained in Figure S3. MD simulations were performed using a large-scale
atomic-molecular massively parallel simulator (LAMMPS)? to study the nanostruc-
ture evolution of N-doped NDs using laser heating to observe NV centers under
high pressure. The estimated number of NV centers in the simulation was calculated
using the structure superposition algorithm at different laser powers. The theoretical
maximum number of NV centers was calculated statistically and was found to be
=132, as explained in Data S1. The magnified top-view snapshots of the simulation
that illustrate the phase change of N-doped graphite to N-doped NDs are shown in
Figure 5D. The identification of NV centers in N-doped NDs was made using struc-
tural superposition, and the close-up snapshot of the presence of the NV center
using MD simulations is depicted in Figure S4. The laser shock-induced formation
of N-doped NDs is illustrated in Video S1.

Studies about ND synthesis, fluorescent NDs, and NV centers created by irradiation
damage using conventional fabrication®®*® and by irradiation®**? has been
compared with our work. Some of the referenced works created only a single NV
center per crystal®*~°® or did not provide information regarding the concentration
in parts per million.?**#¢%¢’ |n such cases, the concentration was calculated
assuming a spherical crystal of a given diameter consisting of carbon atoms. Based
on the existing literature, we have found that our method can produce an ~2-3 or-
ders of magnitude higher concentration of NV centers compared to the other
methods.

In this report, we have proven that the NV center produced using the laser shaping
technique could increase the rate of photon emission by decreasing the lifetime. The
simulations can mimic the formation of nitrogen defects in the ND with the assump-
tion that excess nitrogen from melamine is already doped with graphene, as seen in
Video S4. The number of NV centers in the computation cells can be seenin green in
the video. The details of the simulation are discussed in Data S1. The choice of the
bond potential used in the MD simulations allows the study of effective chemical
bonding and re-bonding. Thus, using our efficient approach, the NV fluorescent cen-
ters are created simultaneously during the fabrication process, reducing both time
and cost and eliminating the extra irradiation process as in other fluorescent ND
manufacturing methods.

In summary, we report a novel and low-cost approach to the large-scale fabrication
of molecular-size NDs from graphite. The laser shaping method uses high-power
laser pulses to induce plasma in extremely localized confinement to assist in
the graphite-to-ND phase transition. This method leads to NDs of ~5 nm host-
ing >100 NV centers. Our experimental results are endorsed by the MD simulations.
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EXPERIMENTAL PROCEDURES

MD Simulations

Non-equilibrium MD simulations were carried out to simulate the laser heating pro-
cess using LAMMPS. Three types of interaction potentials were defined in this simu-
lation: Tersoff potential to describe the covalent nature of C-C bonds,”® Tersoff po-
tential for covalent C-N bonds extracted from studies carried out by Matsunaga
et al.,”" and Lennard-Jones potential for depicting the Van der Waals interactions
between non-bonded carbon atoms in different atomic planes. Periodic boundary
conditions were imposed in X and Y directions. Laser heating was simulated by add-
ing heat flux with an NVE ensemble. Non-equilibrium phase transition of graphitic
layers to the cubic diamond was observed during the heating process. The phase
transition was confirmed using the radial distribution function to compare the peaks
of the perfect cubic diamond lattice structure with the laser-heated N-doped ND
structure (see also Data S1).

Fabrication of ND from Graphite

In this study, we fabricated two samples with and without melamine on sandwiched
graphite between the backing plate and the quartz slide. The coating of graphite
onto the backing plate was achieved by spraying aerosol graphite lubricant (Asbury
Carbons) with a thickness of ~1-10 um. Melamine was coated on top of the graphite
in one sample, then the quartz slide was used as a confinement layer during laser
shaping. A short pulse of the 248-nm KrF Excimer was used as laser power (Figure 1).
The pulse laser power, ranging from 1.91 to ~5.73 GW/cm?, was applied to create 9
spots containing NV centers. The pulse duration of the laser was 5 ns, and the
focused spot was ~3 mm. Melamine was coated on the sample to create excess ni-
trogen during laser ablation to increase the formation of the NV centers. The details
of the CPLD process can be found in Reference 29. For reference and comparative
purposes, aqueous commercial NDs with diameters of 20 and 100 nm (Microdiamant
AG) were used in this study. A 20-uL ND solution was spin coated at 2,000 rpm for
2 min on a glass substrate (Corning; cover glass no. 1).

Time-Resolved Fluorescence Microscopy

The study was performed using home-built confocal microscopy integrated with
fluorescence lifetime imaging (FLIM, PicoQuant) (Figure 2). The fluorescence lifetime
of the NV centers was collected using time-correlated scanning confocal microscopy
(MicroTime 200, PicoQuant). A picosecond pulsed laser beam at 532 nm with a repe-
tition frequency of 20 MHz was used for excitation. The lifetimes of fluorescence from
NV centers were calculated based on fitting the spontaneous decay curves of NV
centers. The emission spectra of NV centers were collected via an oil objective
(100x, numerical aperture [NA] 1.4) for commercial NDs and an air objective
(20x, NA 0.5) for NV centers by laser shaping by using QEPro (Ocean Optic).

DATA AND CODE AVAILABILITY

All data are available from the Lead Contact upon reasonable request.
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