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There is an increasing interest in the sensing of magnetic, electric, and
temperature effects in biological systems on the nanoscale. While there are
existing classical sensors, the possibility of using quantum systems promises
improved sensitivity and faster acquisition time. So far, much progress has
been made in diamond color centers like the nitrogen-vacancy (NV) which not
only satisfy key requirements for biosensing, like extraordinary photostability and
non-toxicity, but they also show promise as room-temperature quantum
computers/sensors. Unfortunately, the most-impressive demonstrations have
been done in bulk diamond, since NVs in fluorescent nanodiamonds (FNDs)
tend to have inferior properties. Yet FNDs are required for widespread
nanoscale biosensing. In order for FND-based quantum sensors to approach
the performance of bulk diamond, novel approaches are needed for their
fabrication. To address this need we discuss opportunities for engineering the
growth of FNDs.
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1 Introduction

Diamonds have attracted special attention in many promising application areas due to
their optical properties (tunable absorption and emission based on a wide variety of color
centers), surface chemistry, and biocompatibility (Alkahtani et al., 2018). These applications
include quantum information (Maurer et al., 2012; Pezzagna and Meijer, 2021), advanced
bio-sensing including drug delivery (Alkahtani et al, 2018; Miller et al., 2020), hyper-
polarized magnetic resonance imaging (MRI) (Waddington et al., 2019), nanoscale imaging
down to the single protein level (Hemmer and Gomes, 2015), and advanced materials
diagnostics, especially for magnetic materials and superconductors (Dovzhenko et al., 2016).
In particular, small sized (less than 10 nm) and round shaped FNDs with properties
comparable to bulk diamonds are critical for many biological applications. Such small
and high-performance FNDs have the potential to pass through the nuclear membrane, and
have theragnostic applications like drug delivery (Perevedentseva et al., 2021; Chang et al,,
2022) because they can be quickly cleared through kidney cells (Chang et al., 2022).

Commercially available small FNDs (with size less than 10 nm) are fabricated either by
top-down approaches like crushing bulk diamonds that were previously grown at high
pressure and high temperature (HPHT) (Boudou et al,, 2013), or bottom-up production of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frqst.2023.1202231/full
https://www.frontiersin.org/articles/10.3389/frqst.2023.1202231/full
https://www.frontiersin.org/articles/10.3389/frqst.2023.1202231/full
https://www.frontiersin.org/articles/10.3389/frqst.2023.1202231/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frqst.2023.1202231&domain=pdf&date_stamp=2023-06-02
mailto:prhemmer@exchange.tamu.edu
mailto:prhemmer@exchange.tamu.edu
mailto:mqhtani@kacst.edu.sa
mailto:mqhtani@kacst.edu.sa
https://doi.org/10.3389/frqst.2023.1202231
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/quantum-science-and-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/quantum-science-and-technology
https://www.frontiersin.org/journals/quantum-science-and-technology#editorial-board
https://www.frontiersin.org/journals/quantum-science-and-technology#editorial-board
https://doi.org/10.3389/frqst.2023.1202231

Alkahtani et al.

nanodiamonds by detonation (DNDs) (Qureshi et al.,, 2022) or
related
nanodiamonds of sufficient quality to achieve bulk-like sensing
performance, especially for the NV (Chang et al., 2022). This is

techniques. Unfortunately neither approach gives

attributed to crystal and/or surface defects that can act as spin and
charge traps. In addition, the random distribution of color centers in
very small NDs crystals results in additional inhomogeneities due to
different distances of each color center from the surface. This is
important because surface interactions can quench fluorescence, for
example, via energy or charge transfer, and/or reduce spin coherence
times, both of can which significantly reduce the sensitivity for
quantum sensing applications (Chang et al., 2022). Even ensuring
that there is a least one-color center in small nanodiamond is a
challenge. For these reasons, small diamond nanocrystals have so far
only been used in proof-of-concept experiments, for example, with
NV (Kaviani et al., 2014; Karim et al., 2020) and silicon-vacancy
(SiV) (Vlasov et al., 2014) color centers. Significantly the SiV work
showed the tantalizing possibility of using NDs with sizes
comparable to those of biological fluorescent molecules like green
fluorescent protein (GFP) (Funatsu et al, 2002). Unfortunately,
there are still no reliable or scalable fabrication methods to produce
these, though some recent growth demonstrations are closing the
gap (Davydov et al., 2014; Liu et al., 2022).

One way to overcome the above-mentioned limitations, would
be bottom-up synthesis of NDs from molecular precursors which
can lead to small FNDs with optically color centers precisely located
in the nanocrystals. This idea originated decades ago with some
encouraging recent results (Dahl et al., 2010; Tzeng et al., 2017;
Alkahtani et al., 2019). The basic idea is simple; since it is hard to
control both growth and nucleation of nanodiamonds at the same
time, diamond-like molecules could serve as nucleation seeds, and
the growth could be then optimized for high-quality diamond
without the conflicting requirements for spontaneous nucleation.
However, thus far the problem with this approach has been poor
yield, defined as percentage of seed molecules converted to
nanodiamond. Apparently diamondoids do not seed the growth
of nanodiamonds with high yield unless they are larger than some
unknown threshold that is beyond existing efficient chemical
synthesis methods.

To address these scalability problems, we assert that existing
nanodiamond growth techniques are overly complicated. Contrary
to popular belief, there is no clear reason why highly-controlled,
equilibrium growth of small nanodiamonds should not be practical
even at atmospheric pressure. If true this would eliminate the need
for expensive high-pressure apparatus, nonequilibrium detonation
techniques, and even rate-equation based chemical vapor deposition
(CVD) techniques. In fact, thermodynamically speaking, it should
be easier to produce nanodiamonds (below 10 nm) than to produce
other carbon forms like bucky-onions, carbon nanotubes, or even
graphene. Convincing experimental and theoretical evidence for this
was published long ago (PENG et al., 2001). Apparently, one need
only ensure that the surface remains hydrogen-terminated
throughout the growth process. Provided this is done, one should
be able to use any thermal, catalytic, electrochemical, or other means
to enhance growth rate and/or increase the yield of molecule seeded,
or even self-seeded growth.

Spurred by this knowledge, a handful of researchers have
explored a number of theoretical and experimental techniques for
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nanodiamond growth from a variety of precursors and under a
variety of experimental conditions, even some at low-pressure and
low-temperature (LPLT). For instance, it was theoretically predicted
that sub-7 nm
hydrocarbons and graphene precursors at LPLT (Badziag et al,

small nanodiamonds can be grown from
1990; Stein, 1990). This prediction has been experimentally realized
by synthesis of small NDs in many experiments (Lewis et al., 1987;
PENG et al., 2001; Dahl et al., 2003; Su et al., 2011b; Kumar et al.,
2013a). Recently, it has even been claimed that hydrothermal
techniques can grow sub-4 nm NDs from nitrated hydrocarbons
and graphene at a very low temperature of (423 K) (Shen et al,
2021). The latter are exciting because, if successful, they would allow
any researcher with a pressure cooker to produce their own high-
quality nanodiamonds.

A recent summary of non-conventional nanodiamond growth
approaches is comprehensively covered in (Chang et al., 2022).
However, it should be noted that most of these papers do not provide
convincing evidence that they actually succeeded in growing
nanodiamonds. For example, often there is only one diagnostic
showing evidence of diamond production, for example, Raman
spectra or transmission electron microscope (TEM) images, but
not both. Since there are a number of materials having a similar
Raman spectrum to diamond, and others having similar lattice
spacings, we have concluded that a key property that is needed
to rule out false positives is the observation of a fluorescent color
center unique to diamond, like a magnetically sensitive NV or a SiV
with its well-known optical spectrum. Indeed this was the technique
used to identify the world’s smallest high-quality nanodiamonds in
meteors (Vlasov et al., 2014).

In this perspective, we will discuss some of the most promising
approaches to direct growth of high-quality, small NDs (with size
less than 10 nm). A key part of this discussion will be preliminary
results from our own attempts to reproduce and extend some of
these techniques, where we emphasize the creation of diamond color
centers to prove that diamond was actually grown. We also show
that the properties of these color centers can be used to provide a
measure of the quality of nanodiamonds, in particular their
suitability for emerging quantum imaging and sensing
applications. Here it should be noted that the color center
properties can also be used to determine whether the diamonds
were actually produced by the growth technique or were introduced
as a contamination. In what follows we will mostly discuss liquid-
based growth, rather than “low temperature” CVD techniques that
require vacuum, plasma, and/or cracked atomic gases. Many of these
vacuum techniques show convincing evidence of nanodiamond
growth, but require more expensive and sensitive equipment.
They are also more difficult to scale up to kilogram quantities of
dispersed nanodiamonds, because the growth is inherently surface-
based, so that the product must somehow be continually removed
from the surface to produce large quantities of nanodiamonds.

2 Growth of fluorescent nanodiamonds
at high pressure and moderate
temperature

It was shown that high-order diamondoid molecules and even
nanodiamonds can be found in petroleum (Dahl et al, 2003).
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Impurity incorporation into diamond as a function of growth temperature. (A) An illustration explains how nitrogen impurity concentration is
expected to depend on growth temperature. The growth mix consisting of 1-Adamantylamine, heptamethylnonane, tetracosane, and
tetramethylhydrazine was exposed to a high pressure (10 GPa) and then either low or high temperature in diamond anvil cell (DAC) for 24 h. (B) At low
growth temperature (400°C), nitrogen irradiation and annealing is needed to see the NV center optical emission. In this case there are also too few
nitrogen P1 centers to keep the NV charge stable upon blue illumination as evidenced by the higher fraction of NV°. (C) Additional evidence that little
nitrogen grows into the diamond is the lack of zero-field splitting in the optically detected magnetic resonance (ODMR) line. In contrast, as shown in (D),
the NV spectrum from nanodiamonds grown at high temperature is stable under blue illumination. (E) Additional evidence of a larger nitrogen
concentration is the zero-field splitting on the ODMR. At this growth temperature the NVs were sometimes seen even without nitrogen irradiation or

annealing.

Spurred by this, several researchers have attempted to reproduce
these results. The most successful were done using CVD techniques
in which diamondoids were anchored to the growth wafer (Tzeng
et al., 2017). Recent work by these groups shows that the diamond
yield (fraction of nanodiamonds produced per diamondoid
molecule) was a strong function of the order, or size, of the
diamondoid molecule (Park et al., 2020). However in the liquid
phase the emphasis was mostly on the creation of larger
diamondoids (Dahl et al., 2003).

Since petroleum-based diamondoid growth is assumed to
proceed at high pressure, we first attempted to reproduce and
extend these results using a diamond anvil cell (DAC) (Alkahtani
etal, 2019; Alkahtani and Hemmer, 2020). In contrast to most prior
experiments, we emphasized the use of a nitrogen-containing
diamondoid seed molecule with the aim of eventually producing
nanodiamonds with a deterministic number of NVs. In a typical
experiment, a diamond-like organic molecule (2-azaadamantane
hydrochloride or 1-adamantylamine) was mixed with reactive
sp3-rich  hydrocarbons such as tetracosane and
heptamethylnonane as illustrated in (Figure 1A) (Zapata et al,

2017; Alkahtani et al., 2019). Growth was carried out at a
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relatively low temperature; chosen to be below the decomposition
temperature of the diamondoid seed molecule but near the
temperature where the other hydrocarbons crack. In this way, the
hydrocarbons were assumed to provide a source of reactive carbon,
like methyl radicals, needed for diamond growth. In one example a
10 GPa pressure and 400 C temperature was applied for 24 h. In this
case, the grown FNDs shows show a clear NV center spectrum as
demonstrated in (Figure 1B). Here it should be noted that nitrogen
implantation followed by high temperature vacuum annealing was
required to produce NV centers in this case.

As mentioned above, this NV can be used as a diagnostic of
diamond quality. To illustrate this, we note that the optical spectrum
in (Figure 1B) was excited with a blue laser. With green laser
excitation (not shown) there is a much larger fraction of NV-
(almost 2 X). This suggests a low nitrogen content, especially of
nitrogen-donor P1 centers, in the neighborhood of the NV. This
interpretation is also supported by the optically detected magnetic
resonance (ODMR) spectrum in (Figure 1C), which shows a high-
contrast of 12.8% and a narrow line width with mean + standard
divination (SD) equal to 17.35 + 3.07 for 13 samples. To understand
why the nitrogen content is low, we note that when crystals are
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grown slowly, they tend to exclude impurities. In the present case,
growth growth through the
hydrocarbon which in controls the

temperature controls speed

cracking rate turn
concentration of reactive carbon (like methyl radicals). Therefore,
the lower the growth temperature, the slower the growth rate. In
addition, self-nucleation is expected to be suppressed by the low
concentration of reactive carbon, so that the presence of a
diamodoid seed molecule, or other nucleation agent, should
become more important. Indeed, we do not see diamonds
without these seed molecules in the growth mix.

To test the above slow-growth hypotheses, we repeated the growth
at a higher temperature (~650°C) as shown in (Figures 1D, E). At this
temperature, in addition to faster growth, even the diamondoid
molecule is expected to decompose so that self-seeding is expected
to occur. As seen, the NV centers in nanodiamonds grown at this
temperature have better NV- charge stability when excited by a blue
laser (Figure 1D). In fact, the emission spectra for both blue and green
excitation become identical. This suggests there are more nitrogen-
donor P1 centers near the NV. In agreement with this, a slightly larger
zero-field ODMR splitting is also seen (Figures 1C vs 1E). The ODMR
line width of NV centers grown at high temperature was measured to be
equal to 23.44 + 3.04 for 9 samples. Although the differences between
the two ODMR lines aren’t large enough to be statistically significant for
our small sample size, it is clear that the zero-field splitting is still much
less than for NVs in commercial crystals with a high nitrogen
concentration. In agreement with this, our past laser-heating
experiments, with growth temperatures in excess of 1,500°C,
produced NVs with well-resolved zero-field splitting (not shown).

3 Growth of fluorescent nanodiamonds
at atmospheric pressure

As mentioned above, other attempts were made to grow
diamonds at low pressure, for example, using organic
hydrocarbons in inert atmosphere at a temperature of ~1,000°C
(Visscher et al,, 1993). Still more experiments along with theory
explained how nanodiamonds could form at atmospheric pressure
under a variety of conditions including meteors (Lewis et al., 1987),
molten lithium chloride (Kamali and Fray, 2015), petroleum (Dahl
et al., 2003), detonation soot (Greiner et al., 1988), candle flames (Su
et al,, 2011a), and micro-plasma (Kumar et al., 2013a).

To evaluate these claims, we decided to try to reproduce some of
these low-pressure diamond growth experiments. As for high
pressure growth, we emphasized the use of nitrogen-containing
seed molecules, with the eye toward eventually producing a
deterministic number of color centers. Again, this necessitated
the use of low growth temperatures where the seed molecule is
stable but there is controlled decomposition of some other molecule
that produces reactive carbon.

Our first low-pressure growth attempt approximately followed
the high-pressure growth chemistry described above. However, we
also included a versatile solvent, dimethyl sulfoxide (DMSO), to
improve the solubility of the amine-containing seed molecule with
our non-polar hydrocarbon growth material. DMSO has the
additional advantage that it produces methyl radicals at an even
lower temperature than our organic hydrocarbons. But it has the dis-

advantage of having oxygen atoms. Typically, growth was done for
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about 24 h, either in a reflux column at atmospheric pressure or in a
autoclave at a slightly higher temperature near 220°C for 24 h.

After growth, the sample was typically purified by oxidizing in
air for ~10 min at 550°C to remove excess organic growth material,
graphite and most of the diamond-like carbon (where applicable).
To create color centers, these samples (small NDs with size 5-7 nm)
were then irradiated with silicon atoms at a low energy of 3 KeV and
annealed at 1,100 C for 1 hour in vacuum. As seen in (Figure 2),
diamond SiV color centers were produced, proving that diamond
was indeed grown.

In spite of the expected low nitrogen concentration, we observe a
stable NV~ charge under green excitation, as illustrated by the
suppressed NV° emission in (Figure 2B). While we do not know the
reason for this charge stability we note that recent work on sulfur
implantation shows that sulfur-rich diamond produces NV with stable
negative charge (Lithmann et al,, 2021). Since DMSO is very sulfur-rich,
some incorporation of sulfur into our nanodiamonds is reasonable.

While we have not yet measured the NV yield vs. implanted silicon
ion, we note that for shallow implantation, the NV yield is usually less
than a few percent, whereas it is typically much higher for silicon-
vacancy (SiV) (Flatae et al., 2020). The fact that every SiV is co-located
with a NV (Figures 2B, D) suggests either high P1 concentration or high
NV yield. The narrow ODMR spectrum of [Figure 2B(inset)] points to
low P1 concentration. At the same time sulfur doping would be
expected to increase NV yield upon irradiation (Lithmann et al,
2021). (Alkahtani et al., 2023).

4 Growth of small nanodiamonds at
LPLT from nitrated aromatic
hydrocarbons

As mentioned earlier, it was recently reported that sub-4 nm
NDs can be grown at a low-temperature (423 K) via a hydrothermal
approach by using graphene-oxide or nitrated polycyclic aromatic
hydrocarbons such as naphthalene, anthracene, phenanthrene, or
pyrene (Shen et al,, 2021).

To investigate this approach, we decided to reproduce this result,
again concentrating on the creation of diamond color centers to
supplement the other diagnostics. Our experiments showed that a
higher growth temperature near 493 K for 24 h was required to form
diamond as illustrated in (Figure 2E). After the reaction was
complete, a thorough cleaning was performed using dialysis for
several days to remove residual growth chemicals and residues
without losing any small NDs.

Raman spectroscopic analysis with green excitation (532 nm
laser), showed a strong and broad diamond Raman line at 1,328/cm,
partly overlapping weak D and G peaks characteristic of amorphous
carbon, (see Figure 2F). After further optimization of the growth
chemistry, the TEM images show an increasing yield of small and
dispersed nanodiamond with size 5-7nm, as illustrated in
(Figure 2G). The diffraction pattern of cubic diamond with the
correct (111) lattice spacing was confirmed for these nanodiamonds
as shown in (Figure 2G) (Kumar et al., 2013b).

To create diamond color centers, we plan to implant these
nanodiamonds with silicon as before. However, until this can be
done, we went ahead and performed the vacuum anneal that is
normally done after implantation (i.e., 700 C for 10 min). This was
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FIGURE 2

(A) An illustration of the concept of nanodiamond growth near atmospheric pressure. Basically, diamond-like template molecules, DMSO, and
formic acid were mixed placed in a hydrothermal growth vessel at 220°C for 24 h. In the NV center optical emission in (B), the NV° fraction is small,
indicating stable NV- charge. (C) The ODMR doesn’'t show a significant zero field splitting suggesting low nitrogen content. It has a high contrast near 11%.

(D) The silicon-vacancy becomes more visible when exciting with 660 nm

laser light. (E) A Schematic illustration of small NDs with size (5—-7 nm)

grown from aromatic hydrocarbons at mild hydrothermal conditions. Experimentally, a nitrated naphthalene precursor was mixed with 0.2 M of NaOH

and then transferred into a hydrothermal vessel and heated to 220 Cinaove

n for 24 hto grow the diamond. (F) Raman spectrum of the synthesized NDs

compared to a Raman spectrum of known diamond bulk crystal. (G) High magnification TEM image of the synthesized NDs where an FFT showed a cubic-
diamond diffraction pattern with the correct (111) lattice spacing. A few NVs were created in this sample through vacuum annealing, even though we

didn't have access to an ion implanter.

done, because our past experiments have shown that even without
irradiation, N'V centers are sometimes produced with low yield, even
without irradiation. As shown, NV centers were indeed formed, and
their properties were very different from the commercial
nanodiamonds we normally use in the laboratory. Measurements
of T1 for these particles is still in progress but will take time because
of the need to correlate crystal size with T1. Nonetheless nearly all of
the native NVs we probed have a high fluorescence contrast in the
ODMR spectrum and long T1 times typical of those found in much
larger (>100 nm) nanodiamonds.

5 Future entangled quantum sensors in
nanodiamonds

Looking toward the future, we note that there have been a
number of suggestions that the quantum properties of single-color
centers in small nanodiamonds will give improved bio-sensing
capabilities. Thus far however, few of the quantum properties of
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the NV have been used for sensing, even in bulk diamond.
Therefore, it is important to ask what quantum effects we should
strive for in our small nanodiamonds. To this end, we propose the
development of nanodiamonds with two or more coupled NVs
acting as a crude quantum computer. NVs are so far unique in their
ability to satisfy all requirements of a quantum computer at room
temperature (Neumann et al., 2010; Maurer et al., 2012). However,
in the past, even in bulk diamonds, the problem of creating pairs of
coupled NVs has been a difficult and highly improbable task.
Fortunately, as mentioned above, near-deterministic NV pairs
can now be created with shallow implantation in bulk diamond
provided it is first activated with sulfur (Lithmann et al., 2021).
These same implantation techniques can in principle be applied to
nanodiamond, the only question is how small can the
nanodiamonds be.

Assuming that multiple NVs can eventually created in
nanodiamonds small enough for biological applications, we next
consider what quantum algorithm might be used. As an initial goal

we suggest fabrication of a magnetic gradiometer consisting of a
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singlet state produced by quantum gates applied to two or more
coupled NVs in a small nanodiamond. Such a two-qubit sensor
could selectively observe nearby electron and nuclear spins, due to
their relatively large gradients, while simultaneously suppressing the
strong background magnetic fields that are present in the
environment. If implemented with coherent subtraction as could
be achieved with quantum logic, this gradiometer could also
suppress quantum noise leading to even greater sensitivity.

6 Conclusion and outlooks

In this perspective, we discussed recent experiments that
attempt to overcome the fabrication and performance limitations
of small FNDs. To validate some of these experiments, we
reproduced and optimized them, and in the best cases were able
to create diamond color centers like the NV or SiV which provide
more convincing evidence of diamond growth than in the original
papers. In addition, we even used the NV as a built-in sensor to
evaluate the quality of the grown nanodiamonds.

Future work includes optimizing the molecule-seeded growth
technique to produce a higher yield of FNDs. In addition, for
biosensing applications we plan to grow an upconversion phosphor
shell, like Er:YLF, on these diamonds. If successful, infrared excitation of
the shell would produce the green light needed to excite the NVs with
minimal background biofluorescence fluorescence thus making the
diamonds more visible in biological tissue samples.

Further into the future we plan to grow nanodiamonds precisely
coupled NV centers with the aim of making them into quantum-
enhanced sensors. This will also include adding isotopes like carbon
13 or nitrogen 15 to the seed molecule to produce NV quantum
registers with long-term quantum memories. Finally, we note that
these innovative nanodiamond growth techniques hold promise for
virtually any industrial application of nanodiamonds that can
benefit from highly scalable, low-cost growth.
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