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ABSTRACT

We report a novel method for synthesis and processing of pure and nitrogen-vacancy (NV)-doped
nanodiamonds with sharp NV and NV~ transitions at ambient temperatures and pressures in air.
Carbon films are melted by nanosecond lasers in super undercooled state and quenched rapidly. We
can form single-crystal nanodiamonds, microdiamonds, nanoneedles and microneedles, and large-
area films. Substitutional nitrogen atoms and vacancies are incorporated into diamond during rapid
liquid-phase growth, where dopant concentrations can far exceed thermodynamic solubility limits
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through solute trapping. These nanodiamonds can be placed deterministically and the transitions
between NV~ and NV can be controlled electrically and optically by laser illumination.

13¢ /

IMPACT STATEMENT

This research represents a fundamental breakthrough in controlled synthesis of nanodiamonds and
doping of diamond with NV centers in nanostructures needed for quantum devices operating at

room temperature.

Introduction

Pure and nitrogen-doped nanodiamonds are non-toxic,
and have excellent electronic, magnetic, optical and
mechanical properties with applications ranging from
drug delivery and fluorescent biomarkers to single-
photon sensors and quantum computing, nanoscale
electronic and magnetic sensing, single-spin nuclear
magnetic resonance, nanoscale thermometry and
nanosensors [1,2]. The nitrogen-vacancy (NV) center in
diamond is a point defect in diamond with Cs, symme-
try consisting of substitutional nitrogen and vacancy pair
along < 111> directions. Considering <110 > chains,
one of the links consists of a substitutional nitrogen and
a lattice vacancy. Figure 1(a) shows atomic structure of

an NV defect in the <110> chains of diamond, and
its structure in the diamond tetrahedron contained in
the half (a/2, a/2, a/2) unit cell is shown in Figure 1(b).
These NV centers in diamond are quite stable, and are
ideally suited for reliable and robust electronic, optical
and magnetic nanoscale devices and systems operating at
room temperature. The NV center is a deep-level defect,
and it exists in neutral NV? state and magnetically active
NV~ state with a trapped electron. The unique features
of NV center are derived from spin triplet ground state
and dependence of fluorescence on spin orientation. The
EPR spectrum of a single NV center can be detected
and shifts of EPR spectra are measured from perturba-
tions in electric and magnetic fields, temperature, spatial
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Figure 1. (a) Atomic structure of substitutional nitrogen and
vacancy (NV) defect in < 110> chain of diamond; and (b) NV
defect in a diamond tetrahedron contained in (a/2,a/2,a/2) dia-
mond unit cell, where one of the carbon can be replaced by
magnetic isotope '3C.

orientation, strain and pressure. The magnetically active
NV~ defects are characterized by optical zero phonon
line (ZPL) at 1.945eV (637 nm), whereas NV has ZPL
at 2.156 eV (575 nm). Associated vibronic bands extend
ZPLs to lower and higher energy absorption and emis-
sion.

The magnetically active NV~ is also characterized
by zero-field magnetic resonance at ~2.88 GHz, which
occurs between mg = 0 and mg = 1 spins with a
g-factor of 2.0028 associated with *A, ground state.
The optically detected magnetic resonance of NV~ at
~1.42GHz is attributed to °E ground state with g-
factor of 2.01. Since NV~ is magnetically active, its
luminescence can be controlled by the magnetic field
for various applications including single-photon sensors,
nanoscale electronic and magnetic sensing, single-
spin nuclear magnetic resonance, nanoscale thermom-
etry, fluorescent biomarkers, quantum computing and
nanosensors [3].

The above applications require precisely controlled
synthesis of pure and NV-doped diamonds, where NV
defects can be located individually in various diamond
structures such as nanodiamonds (4-10 nm), nanonee-
dles, microneedles and thin films. Current methods of
introducing NV defects in diamond have many prob-
lems and challenges. The chemical vapor deposition
(CVD)-based techniques produce large-grain polycrys-
talline films, and nanodiamonds produced by CVD
[4] have often embedded into amorphous carbon from
which extraction of individual nanodiamond is quite
cumbersome and expensive. Since nitrogen doping in
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CVD is controlled by thermodynamic solubility limit,
the number density of NV centers per unit volume is
quite limited. Second technique involves nitrogen ion
implantation [5]. The nitrogen ion implantation dop-
ing produces high concentration of Frenkel (vacancy-
interstitial pairs) defects. For example, a single 50 KeV
N will produce roughly 100 Frenkel pairs [6]. Annealing
of these defects and putting nitrogen into substitutional
sites represent many challenging problems, including
high-thermal budgets. Third technique involves high-
energy TNT detonation [7]. The formation of nanodi-
amond by detonation (DND) are often aggregated and
contaminated with detonation impurities, where purifi-
cation and size control of DNDs are very problematic.
The DNDs also have sp? layer on the surface which must
be removed to realize the optical properties of NV cen-
ters. Fourth technique is based upon laser ablation of car-
bon in water or liquid hydrocarbons with a limited yield
[8]. Fifth technique is based upon milling of bulk dia-
mond produced by high-pressure and high-temperature
method. Since the milling technique in diamond pri-
marily involves fracturing process, the nanodiamonds
produced by this method have uncontrolled shapes with
drastically reduced nitrogen content [9]. Since the bulk
diamond before milling has only equilibrium concentra-
tion, further reduction from this value renders this tech-
nique quite ineffective and undesirable. More recently,
another approach for the formation of nanodiamond
from SiC has been reported at temperatures ~ 1000°C
under flowing hydrogen and chlorine gases at ambi-
ent pressures [10]. However, the controlled introduction
of nitrogen centers exceeding thermodynamic solubil-
ity limits in all of these nanostructures is still quite
challenging.

In this paper, we report a direct conversion of pure and
N-doped carbon into pure and N-doped diamond, where
diamond is in the form of single-crystal nanodiamonds,
nanoneedles, microneedles and thin films. Earlier work
focused on the discovery of Q-carbon, Q-BN and direct
conversion of carbon into diamond and h-BN into c-BN
[11-14]. Nanodiamonds are formed by homogeneous or
heterogeneous nucleation from the undercooled melt,
where the size is dictated by the melt lifetime. Nanonee-
dles and microneedles are formed as a result of inter-
facial instability of the crystallizing interface, which is
controlled by laser and substrate variables, particularly
thermal conductivity of the substrate. On the other hand,
single-crystal film structures are created when substrate
can act as a template for epitaxial growth. These nanodi-
amonds can be arranged periodically in a self-organized
fashion, which is needed for quantum devices. The spe-
cial emphasis is on N-doped (NV diamond) nanos-
tructures with concentrations exceeding solubility limits,
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while comparing with our earlier results on undoped dia-
mond nanostructures [12-14]. Since diamond growth
occurs from a liquid phase under ultrarapid quenching
and solidification with velocity of the order of 5m s L
it is possible to trap NV defects beyond thermodynamic
limits. A single NV defect in 5 nm or lower size diamond
will require a higher concentration of nitrogen than its
thermodynamic solubility limit of 2.0 x 10'8 cm™3 [15],
which can be achieved by rapid quenching from the lig-
uid, utilizing the phenomenon of solute trapping. The
transitions between NV~ and NV? can be introduced
electrically and optically by laser illumination. Using
this method, we have achieved controlled doping of dia-
mond with NV centers in a variety of nanostructures
needed for many novel quantum nanotechnologies in
physical and biological sciences, including single-photon
sensors, quantum computing, nanoscale electronic and
magnetic sensing, single-spin nuclear magnetic reso-
nance, nanoscale thermometry, fluorescent biomarkers
and nanosensors.

Experimental

In this method, carbon thin films are deposited on
a substrate such as sapphire, glass and polymer to a
desired thickness, where layer thickness ranges from
5 to 500 nm. These films are doped with nitrogen by
two methods: (1) by adjusting the nitrogen partial pres-
sure (5.0 x 1073, 5.0 x 1072, 5.0 x 10~ Torr); and (2)
by bombarding simultaneously with N3 (0.5-1.0 KeV)
during carbon thin film deposition. The nitrogen con-
centration is adjusted by controlling the nitrogen par-
tial pressure and by measuring the nitrogen ion flux.
Subsequently, these films are irradiated with high-
power nanosecond laser pulses with energy density
0.5-1.0Jcm™2, pulse duration 20-40 ns and laser wave-
length of 193nm for ArF Excimer laser. The carbon
film is melted in the highly super undercooled state
and quenched within 200-250ns. By controlling the
quenching from the liquid, we can nucleate diamonds
in the form of nanodiamonds (2-8 nm), microdiamonds
(100-1000 nm), nanoneedles and microneedles up to
3000 nm long, and large-area thin films. By providing
single-crystal substrate template, we are able to grow
epitaxial single-crystal nanodiamonds, microdiamonds,
nanoneedles and microneedles and large-area thin films.
The characterization of diamond phase was carried by
using electron backscatter diffraction (EBSD), Raman
spectroscopy (532nm source) and photoluminescence
(PL) with 325nm source. Detailed atomic structure
and bonding characterization of various diamond struc-
tures using transmission electron microscopy/scanning
transmission electron microscopy and electron energy

loss spectroscopy have been already reported [12-14].
Alfa300 R superior confocal Raman spectroscope with
a lateral resolution less than 200 nm was employed to
characterize the Raman active vibrational modes. Crys-
talline Si was used to calibrate the Raman spectra, which
has its characteristic Raman peak at 520.6 cm™~!. High-
resolution SEM with sub nanometer resolution was car-
ried out using FEI Verios 460L SEM to characterize
the as-deposited and the laser irradiated films. EBSD
HKLNordlys detector with less than 10 nm lateral res-
olution was used to map out Kikuchi diffraction pat-
tern in FEI Quanta 3D FEG instrument in as-deposited
and laser annealed thin films. The nitrogen is incorpo-
rated into diamond during rapid liquid-phase growth,
where dopant concentrations can exceed far beyond
the thermodynamic solubility limits. The number den-
sity of NV defects can be controlled by the nitrogen
concentrations in the as-deposited films. A single NV
defect in 5nm diamond will require solubility limit of
1.5 x 101 cm ™3 (in excess of thermodynamic solubility
limit of 2.0 x 10'® cm~3), which can be achieved by rapid
quenching from the liquid, utilizing the phenomenon of
solute trapping. Using this method, we have achieved
controlled doping of diamond with NV centers in a vari-
ety of nanostructures.

Results and discussion

Figure 2(a) shows the formation of undoped nanodia-
monds after a single laser pulse, where the average size
varied from 2 to 8 nm. These nanodiamonds nucleate
from the highly undercooled carbon melt via homoge-
neous nucleation, and their size can be controlled by
growth times during the quenching cycle. The larger sizes
are formed as a result of heterogeneous nucleation, where
sapphire acts as a template for diamond growth (hetero-
geneous nucleation). It is interesting to note that nan-
odiamonds are faceted down to this size range, as shown
in the inset. During the initial stages or incipient carbon
melting, the melting occurs in the form of rings, creating
a ring of nanodiamonds, as shown in Figure 2(b). This
figure also shows the formation of Q-carbon and nucle-
ation of nanodiamonds from Q-carbon. The larger dia-
mond microcrystallites grow from the melt with increas-
ing growth time. The nanodiamond growth around the
super undercooled ring often has one larger nanodi-
amond, which is formed when two nucleation fronts
around the ring collide, as shown in the inset at a higher
magnification. The larger microdiamonds are formed,
when sapphire substrate provides a template for epitaxial
growth from super undercooled liquid. Figure 2(c) shows
the initial stages of the formation of self-organized nan-
odiamonds. The inset EBSD (from the red dot) confirms
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Figure 2. High-resolution SEM micrographs of nanodiamonds from pure undoped samples: (a) nanodiamonds with inset at a higher
magnification; (b) mechanism of nanodiamond formation from Q-Carbon; (c) formation of nanodiamonds during initial stages and EBSD
pattern (from red dot), showing characteristic diamond Kikuchi pattern; and (d) microdiamonds covering the entire area with inset

showing twins whose density is controlled by quenching rates.

the diamond crystal structure, showing the characteris-
tic Kikuchi diffraction pattern for diamond. The forma-
tion of string-like structure in a supercooled liquid has
been explained as a result of spatial heterogeneity and
dynamic facilitation in the regions having high atomic
mobility, corresponding to high diffusivity in liquid of
the order of 107*cm?s™!. It is envisaged that coherent
motion of carbon atoms within micro strings may facil-
itate the creation of neighboring excitations leading to
the formation of observed ring structure of liquid car-
bon from which nanodiamonds are formed. Molecular
dynamics simulations have shown string-like cooperative
motion at temperatures well above the glass transition
temperature. The mean length of the string increases
upon cooling with nearly exponential distribution with
temperature [16,17]. At a higher energy density, a full
conversion of carbon into diamond microcrystallites is
shown in Figure 2(d). The inset at a higher magnification
shows the details of faceting and twinning in microcrys-
tals. It has been argued that twinning in diamond can
lead to improvements in catalytic and mechanical prop-
erties. Here, we can vary the twin content by controlling

the quenching rates from the melt, as shown by the for-
mation of twins in the inset. The texture and orientation
of these microcrystallites can be controlled by provid-
ing appropriate epitaxial template during growth from
the liquid phase. In the present case, <111 > oriented
cubic diamond microcrystallites grow on (0001) sap-
phire, which are rotated with respect to each other by
30 degrees. The growth of three-fold cubic < 111> dia-
mond on hexagonal (0001) sapphire leads to twinning as
result of two islands growing in a mirror symmetry [14].

The nitrogen was introduced by two methods: (1)
increasing the partial pressure of nitrogen during depo-
sition; and (2) bombarding the carbon film with low-
energy (0.5-1.0KeV) N ions. The N5 ions break into
atomic nitrogen atoms upon impact, which are buried
inside the film. The nitrogen concentration is controlled
by the N ion current. After laser annealing of the as-
deposited nitrogen-doped carbon layers, we observe the
formation of nanocrystals with an average size of 4-8 nm,
as shown in the high-resolution SEM micrograph in
Figure 3(a). The figure also shows the formation of dia-
mond platelets, some of which grow flat (as shown by
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Figure 3. High-resolution SEM micrographs of nanodiamonds
and microdiamonds from N-doped samples: (a) nanodiamonds
with inset diamond EBSD Kikuchi pattern and orientation (from
red dot), it also shows flat nanodiamond nanoplates (indicated
as 1) and perpendicular nanoplates of diamond (indicated as 2);
(b) microdiamonds from N-doped samples containing twins; and
(c) nanoneedles and microneedles from N-doped sample with
inset characteristic diamond pattern and orientation from the
spot indicated.

1) and others grow normal to the substrate (as shown
by 2). The nanocrystals are faceted, which is similar to
pure diamond nanocrystals. The characteristic diamond
EBSD or Kikuchi pattern from a nanodiamond near the
red dot is shown in the inset, confirming the structure

of the diamond phase and orientation. Assuming one
NVcomplex (NV center) in 4 nm diamond, the concen-
trations of N and V (3.0 x 10" cm ™3 each) exceed ther-
modynamic limit of 2.0 x 10'® cm ™ for nitrogen. Taking
experimental value for the formation energy of a neu-
tral vacancy in diamond to be 3.0 eV, the concentration
is estimated to be ~3.6 x 10! cm™3 at 4000 K. Thus,
NV centers with concentrations exceeding the solubility
limits can be formed under quenching from the liquid
through solute trapping phenomenon [18]. The forma-
tion of two types of platelet crystals is clearly shown in
Figure 3(a). The faint contrast from flat diamond micro-
crystals is observed because these are formed near the
sapphire interface and are buried under the carbon. The
results on the formation of microcrystals of N-doped
diamond are shown in Figure 3(b). These microcrystals
are formed with (0001) sapphire providing a template
for epitaxial growth by domain matching epitaxy. The
epitaxial relations of <111 > diamond on (0001) sap-
phire are as follows: in-plane 19 (2d;10) planes of dia-
mond match with 20 (2dy;9) planes of sapphire [19].
The formation of N-doped nanoneedles and micronee-
dles is displayed in Figure 3(c). From EBSD patterns,
these nanoneedles and microneedles are single-crystals
with sizes up to 2-3 microns. Under the liquid-phase
growth, this will require crystal growth velocities of the
order of 5ms~!, which have been established in silicon
under highly undercooled state during nanosecond laser
annealing [19].

The Raman spectra from as-deposited carbon films
as function of increasing nitrogen content (increasing
partial pressure) are shown in Figure 4(a). The partial
pressure of nitrogen varied from 5.0 x 1073 (for sam-
ple #1) to 5.0 x 1072 (for sample #2) to 5.0 x 10~! Torr
(for sample #3). These Raman spectra contain D-peak
at 1350cm ™! and G-peak at 1550 cm™!. The nitrogen
incorporation is signified by: (1) increasing the intensity
ratio of I(D)/I(G); and (2) shift in the G-peak to higher
wavenumber 1565cm~! The control sample with no-
doping shows the lowest D-peak. After laser annealing,
the Raman spectra from Ni" implanted sample is shown
in Figure 4(b). It shows a sharp diamond peak which
is downshifted from 1332cm™! because of decreasing
crystallite size. Considering phonon dispersion relations,
the downshift for nanocrystalline diamond is expected,
as the Raman active phonon is at the maximum fre-
quency. The Raman spectra from nitrogen pressure-
doped samples showed Raman peak around 1327 cm™!,
which is downshifted from 1332cm™!, but also con-
tained residual signature of G-peak around 1560 cm™!.
The results of Raman downshift for different N-doped
samples, varying from 3 to 5cm™!, are shown in Figure
4(c). It should be mentioned that there is an upshift due
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Figure 4. Raman spectra from N-doped samples: (a) different N-doping by varying nitrogen pressure after laser treatment, includ-
ing undoped control sample; (b) different N-doping by changing the N2+ ion flux after laser treatment, including the control (before
laser annealing) sample; and (c) change in Raman shift, down shift due to size (nanorange) and upshift as a result of quenched-in

stress.

to stresses, which is combined with downshift due to
size. The Raman shift in diamond (Aw) is related to
Aw (incm™!) =2240.10cm~! GPa™! along the [111]
direction, Aw (in cm™') = 0.73+£0.20cm~! GPa™!
along the [100] direction and Aw (in cm ) =324+
0.23cm~ ' GPa~! for the hydrostatic component [17].
The biaxial stress in thin films can be described as a com-
bination of two-thirds hydrostatic and one-third uniaxial
stress. The biaxial stress can be estimated using o = 2y
((1+ >v)/(1 —v)). A€, where y is shear modulus, v is
Poisson’s ratio and Ace is the in-plain strain [20].

The PL spectra from these nanocrystal magnetically
active NV~ defects are characterized by optical ZPL at
1.945eV (637 nm), whereas NV® has ZPL at 2.156eV
(575 nm). Figure 5 shows that magnetically active NV~
defects are characterized by optical ZPL at 1.945eV
(637 nm), whereas NV° has ZPL at 2.156eV (575 nm).
These defects also exhibit associated vibronic bands,

60000 . .
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Figure 5. PL spectrum containing ZPL from NV~ (637 nm) and
NVO (575 nm) defects. The inset (100 x magnification) shows tran-
sitions from individual nanodiamonds when the sample is irradi-
ated with 532 nm PL source.
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extending ZPLs to lower and higher energy absorption
and emission. It is interesting to note that the charac-
teristic NV~ defect ZPL line from 5-nm diamond sam-
ple is indicative of the fact that these defects are con-
tained in the individual nanodiamonds, which can be
used for variety of biomedical and nanosensor applica-
tions. By using 532-nm PL source, it is possible to image
in situ NV? (575nm) and NV~ (637 nm) defects and
their transitions from individual nanodiamonds directly,
as, shown in the inset of Figure 5. The sharpness of PL
peaks is indicative of absence of other defects in nan-
odiamonds. Electrical and optical manipulation is essen-
tial for quantum device applications. Here, we show that
transitions between NV~ and NV can be introduced
electrically and optically by laser illumination. Figure
6(a) shows increase in NV~/NV? with increasing applied
voltage (current) up to a certain value and then satu-
rates. This ratio is reduced to the initial value, when
the applied voltage is reduced to zero. This is consistent
with the equilibrium trapping and detrapping of carri-
ers, as we can derive NV~/NV? = (Kn/p)®®, where K is

230 _s—Electrical pumping

e |

(a)

NV/NV®

— n

2.00 1 " 1 " 1 " 1 n 1 " 1 " 1
ov 5V 10V 15V 21V 21V_rep 0V_rep

Applied voltage

PL intensity (cps)

the ratio of reaction constants and n and p are electron
and hole concentration, respectively [6]. The PL inten-
sity measurements (Figure 6(b)) show this enhancement
in NV~/NV? upon the application of voltage. Figure 6(c)
shows a reduction in NV—/NV? upon laser illumination,
which is consistent with generation and trapping of holes.
The NV~/NV? ratio decreases from 1 to 2 (Figure 6(c))
as the laser power is increased from 9.4 to 12.5 mW with-
out applying any voltage. When the voltage is applied
at 12.5mW, NV~ /NV? ratio increases with applied volt-
age from 10 (3) to 21V (4). The increase from 3 to 4 is
consistent with electrical pumping shown in Figure 6(a).

Thus, electrical and optical manipulations can be used
for deterministic charge-state control of NV~ and NV?
centers, which is essential for quantum devices. Recently,
it has been shown that NV~ to NV? transition can be
induced by hole injection from p-type layers, enabling
fast and deterministic charge control of a single NV cen-
ter for a variety discrete quantum device applications
[21]. It should be mentioned that one of the carbon atoms
in the diamond tetrahedron can be replaced by magnetic

4000 bp——

(b)

—0V- Applied voltage |
——21V- Applied Voltage

3500 |-|Raman line
3000 I
2500 I
2000 I
1500 I
1000 I
500 j

of , : , ,

585 600 615 630 645
Wavelength (nm)

660

o T 1 1 T
2125 (©) —w=— Optical and electrical
r 1 umpin
2.000 P ping i
1.875
1750 | .
z L
% 1.525_—
1.500 |- ]
1.375 | P ——
i | /
1125 | , ; i i
9.4mW/OV  12.5mW/0V  12.5mW/10V  12.5mW/21V
Conditions

Figure 6. (a) Electrical pumping of NV centers using 14 mW laser power (532 nm excitation wavelength); (b) PL spectra of NV diamond
in 0-21V external electric field; and (c) optical and electrical pumping of NV centers using 532 nm laser.
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Figure 7. (a) Carrier concentration plotted as 1/T; and (b) Hall mobility as a function of T.

13C in Figure 1(b) to enhance entanglement among spins
in diamond. Robust entanglement of several qubits at
room temperature is critical for reliable quantum com-
puting technology. It has been proposed that individual
nuclear spins at 1*C (magnetic isotope of carbon) can be
controlled by their hyperfine coupling to a single elec-
tron of the NV center in diamond. In this system, quan-
tum correlations are of high quality and persist over a
millisecond at room temperature, which is adequate for
advanced quantum operations. Using this approach, the
generation and retrieval of entanglement among several
qubits can be achieved for next-generation of quantum
computing [22].

Figure 7(a) provides the preliminary results on car-
rier concentration in N-doped diamond as a function of
(1/T). The carrier concentration was found to vary from
2.0 x 10'8t0 5.0 x 102! cm—3. These high concentrations
are the consequence of dopant trapping during rapid
quenching. In the case of silicon, the dopant concentra-
tions exceeding 400 times the solubility limits have been
achieved as a result rapid solidification from the liquid
phase.[18] The phenomenon of formation of supersatu-
rated silicon semiconductor alloys was modeled by solute
trapping concepts which we expect to be applicable in the
diamond case as well. The carrier mobility as a function
of temperature for a sample with carrier concentration
of 2.0 x 10" cm™ is shown in Figure 7(b). This corre-
sponds to conductivity of ~ 25 Q/cm at 250 K, which is
quite reasonable. A fitto n = exp(—AE/kpT) suggest AE
~0.53eV.

Conclusions

In summary, we have created pure and N-doped dia-
mond nanostructures in the form of nanodiamonds,

microdiamonds, nanoneedles, microneedles, and large-
area single-crystal thin films in a controlled way. This
is achieved by rapid melting of carbon in a super
undercooled state and quenching to convert carbon
into diamond at ambient temperatures and pressures
in air. The dopants such as nitrogen can be incor-
porated into diamond far in excess of solubility limit
via solute trapping phenomena. The vacancy concen-
tration corresponding to quenching temperature can be
trapped with nitrogen to create NV centers in nan-
odiamonds and other structures exceeding the solubil-
ity limit. The NV~ and NV? defects have been char-
acterized by PL using 325nm wavelength, and NV~
to NV? transitions are controlled electrically by pass-
ing current and by laser irradiation with 532 nm pho-
tons. Controlled synthesis and processing of NV nan-
odiamonds and other structures opens next-generation
of applications ranging from drug delivery and fluores-
cent biomarkers to single-photon sensors and quantum
computing, nanoscale electronic and magnetic sensing,
single-spin nuclear magnetic resonance, nanoscale ther-
mometry and nanosensors. It has been speculated that
pure and N-doped diamond nanostructures may exceed
manufacturing volumes of fullerenes and other carbon
nanomaterials.
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