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Long Spin Relaxation Times in CVD-Grown Nanodiamonds

Jeroen Prooth, Michael Petrov, Alevtina Shmakova, Michal Gulka, Petr Cigler,

Jan D’Haen, Hans-Gerd Boyen, and Milos Nesladek*

Currently, the primary applications of fluorescent nanodiamonds (FNDs) are
in the area of biosensing, by using photoluminescence or spin properties of
color centres, mainly represented by the nitrogen vacancy (NV) point defect.
The sensitivity of NV-FNDs to external fields is, however, limited by
crystallographic defects, which influence their key quantum state
characteristics - the spin longitudinal (T;) and spin transversal (T,) relaxation
and coherence times, respectively. This paper reports on utilizing an advanced
FND growth technique consisting of heterogeneous nucleation on
pre-engineered sites to create FNDs averaging around 60 nm in size, with
mean longitudinal coherence times of 800 pus and a maximum over 1.8 ms,
close to bulk theoretical values. This is a major, nearly ten-fold improvement
over commercially available nanodiamonds for the same size range of 50 to
150 nm. Heavy-N doped nanodiamond shells, important for sensing events in
nm proximity to the diamond surface, are fabricated and discussed in terms

1. Introduction

Nanodiamond (ND) is a fascinating class
of nano-material because of its unique
properties, such as low cytotoxicity and
biocompatibility.'*) NDs can be used for
nanoscale sensing based on fluorescent
properties of incorporated point (color) de-
fect centres. For these purposes, this type
of nanodiamond is referred to as Fluores-
cent Nanodiamond (FND). Further on, the
paramagnetic, e.g., spin properties of color
centres, enable using FNDs for sensing the
magnetic field noise close to the ND sur-
face, leading to novel measuring concepts
such as nano-NMR.I*#] Most of the FNDs
sensors are based on the nitrogen-vacancy
(NV) centre, that has attracted significant

of re-nucleation and twinning on {111} crystal facets. The scalability issues
are discussed in order to enable the production of FND volumes matching the

needs of sensing applications.
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attention due to its bright photolumines-
cence and negligible photobleaching.l! The
NV centre consists of a nitrogen atom next
to a vacancy and has been studied funda-
mentally and used in initial applications.
The NV spin ground triplet state can easily be manipulated by
microwaves at ambient conditions. The crucial challenge for de-
veloping nanoscale sensing probes, based on the NV color cen-
tres, is to engineer FNDs with high spin relaxation (T;) and spin
coherence (T,) times, which differ significantly for various types
of FNDs, and which limit a wide spread use of FNDs sensors
in biology and chemistry fields, for example in drug delivery, bio-
imaging, and bio-nanosensors for applications operating at room
temperatures. Currently, commercial FNDs have T, times in the
range of 100 microseconds, while the bulk diamond T, limit is
about three milliseconds, thus limiting FND use significantly.!1’]
Here, we present data on about eight-fold improvement of the T,
time by Chemical Vapor Deposition (CVD) technique, supported
by understanding the underlying physics.

Currently, commercial FNDs are mainly prepared from high
pressure, high temperature (HPHT) diamond by milling"] and
subsequent irradiation and annealing. HPHT FNDs have a typ-
ical NV T, relaxation time between 50 and 100 ps.'2l As the
sensitivity of NV center to magnetic fields is limited by the T,
relaxation time, the ability to engineer FNDs with higher T,
times would improve the detection sensitivity.['*] Nevertheless,
this requires precise control over particle properties such as size,
morphology, defects, and dopants. The HPHT FND approach,
based on milling and grinding N-containing bulk diamond, pro-
duces FNDs that range in size from around 10 nm to 1 pm.
This mechanical process makes these FNDs highly irregular and
jagged, generating a significant amount of spin-active surface
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defects, dangling bonds, and subsurface damage.['* Further pro-
cessing using high energy particle irradiation, employed to cre-
ate nitrogen-vacancies, can cause internal lattice damage and in-
troduce spin active defects, strain fields, or vacancy clusters. For
HPHT nanodiamonds, one usually irradiates them with elec-
trons (€7), protons (p*), or He?" and Li* ions. An annealing step
allows the vacancies to diffuse towards the substitutional nitro-
gen and create NV centers, while at the same time some of the
damage can be repaired. Nevertheless, a study done on several
HPHT nanodiamonds irradiated by these methods showed that
particles with sizes around 50 to 150 nm had T, times between
50 and 100 ps for those irradiated with e-, and He** and up to 150
ps for particles irradiated with p*.1">] Other studies have shown
similar results, with T, times ranging around 100 ps.l?l FNDs
with a size of around 15 nm showed lower T, times around 25
ps.1% Another method for large-scale production of fluorescent
nanodiamonds (FND) using neutron irradiation is capable of pro-
ducing significant amounts of nanodiamonds, typically on the
order of around 100 grams.!'®! However, the FNDs’ obtained T,
times are short compared to their expected bulk values. In an-
other work, the milling technique has been improved, leading
to 1.2 ms T, times, however, only a few percent of FNDs con-
tained NV centers.['”] Chemical vapor deposition (CVD) using
isotopically pure 2C as a source gas was used to grow diamond
films, which were then again milled to produce FNDs.["®! Using
this technique T, coherence close to 400 microseconds was re-
ported. However, all methods employing milling face challenges
related to defect formation, chipping, and the production of irreg-
ular sizes caused by the milling process. One of the techniques to
eliminate milling is based on the etching of diamond to form dia-
mond nano-pillars through the use of nano-processing and nano-
lithography.[*] This approach results in enhanced diamond T,
spin coherence times of approximately 210 microseconds. How-
ever, it should be noted that this technique produces nanopillars
rather than round nanodiamonds, which may not be suitable for
certain applications such as cellular biology, where nano-pillars
may pose risks of piercing the cell membrane.

A FND preparation technique, pursued here, is the direct
nanocrystal growth using CVD. This means that instead of grow-
ing microcrystals and milling them down to nanoparticles in a
top-down approach, we grow them directly on the substrate in
a bottom-up way, avoiding surface defects and shape irregulari-
ties, which are introduced through the milling process. To initi-
ate the growth of nanodiamonds, a seed with a diamond struc-
ture is required,!?*?!] such as detonation nanodiamond (DND).
However, this technique would quickly result in the formation of
a thin film. In particular, for achieving high T, times it is neces-
sary that the crystals grow individually and develop clear facets. In
that sense, the nanocrystalline nature would reduce the T; times.
Alternatively, diamondoids can initiate nucleation; for example,
pentamantane can be used for seeding.[?'-2}] This requires bond-
ing of diamondoids to the substrate, because diamondoids eas-
ily sublimate at temperatures lower than the diamond growth
temperature,!?*] limiting diamond nucleation. In all these cases,
mainly, a continuous nanodiamond film is formed. In this paper,
we adopt a different approach, one that is both simple and easy to
perform i.e., heterogeneous nucleation. Spontaneous heteroge-
neous nucleation, meaning nucleation on substrates chemically
or crystallographically different from the material to be grown,
has been employed before, but the resulting nucleation densities
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are extremely low.2!] Therefore, to enhance it, one can perform a
pre-treatment such as mechanical nano-roughening.[?*! The ad-
vantage of these methods is that no seed is required, and one has,
in theory, complete control over particle properties from the start
of the growth.

This technique of synthesizing nanodiamonds through het-
erogeneous nucleation results in increased T, times of around
800 ps for particles averaging 60 nm, which is an eight-fold im-
provement compared to HPHT FNDs, where T, reaches roughly
100 ps for similar-sized particles. The maximum T, times exceed
1.8 ms, which is close to bulk diamond values. For this study, we
have performed measurements over several growth conditions,
and the T is consistent between samples.

Since the NVs are naturally generated during the CVD process,
consequently, the potential deterioration of NV spin coherence
properties is limited, compared to when implantation is used.
However T, times will be influenced by the spin bath induced
by paramagnetic defects generated during growth, or by surface
defects.[*18:26] Tn the CVD process, the NV yield is rather low, and
a large portion of N forms paramagnetic substitutional defects.
Therefore, in this work, we also evaluate NV formation efficiency.

Further on, we address the following questions related to
achieving the highest T, times: We study FND growth at differ-
ent conditions, such as the substrate temperature, and we inves-
tigate the T, value’s dependence on the nanodiamond size. Due
to the interest in biological applications and the need to have
the NV center in nm depth from the FND surface for increased
sensitivity to the environment, we have developed an N,-pulse
doping technique that allows us to increase the N, concentration
in the gas phase at the very end of diamond growth, producing
highly nitrogen-doped FND shells. We studied T, in such sam-
ples and compared them with FND samples without the shell.
We find that re-nucleation and twinning are present due to high
N-concentration in the gas phase, and defects generated in this
step can still limit achieving higher T, times.

2. Results and Discussion

2.1. Nanodiamond Growth

To nucleate diamond nanoparticles with high density, we per-
form nano-roughening followed by an optimized and specifi-
cally designed CVD process, Figure 1. We grow two sets of sam-
ples: reference particles (low-doped), which have no additional
nitrogen added, and shell-doped particles, which have a nitro-
gen pulse applied at the final step of their growth. To grow well-
separated individual nanocrystals rather than films, we have op-
timized our pretreatment method, allowing us to tune the ND
coverage on the substrate by modifying the roughening duration.
With this process, we can produce well-faceted nanodiamond
crystals, Figure 2. In the Supporting Information, one can find
an additional set of SEM images, showing ND crystals of small
sizes, however taking sharp images on non-conductive particles
is challenging. On some samples, a Pd-Au layer was deposited to
enhance the imaging process.

Adjusting the duration of the ultrasonic treatment allows us
to tune the nucleation density and produce individual crystals at
a higher density. Assuming a roughly 30% coverage, a particle
diameter of 50 nm, a growth rate of 1 micrometer per hour, and
a 15 cm substrate, it is possible to obtain about 2.6 mg of NDs
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Figure 1. A nano-roughening pre-treatment on silicon is performed by using an ultrasonic vibration table on which diamond micro-particles are spread
and on which the substrate is vibrated. This produces nano-roughness, and leaves carbon traces on the substrate surface, pictured in the AFM image.
The growth scheme shows the introduction of gasses during the growth stage. As a base diamond material, we use low N-doped samples, whereas for
the shell-doped particles, we created in addition a highly nitrogen-doped shell. Images of particles grown at 750, 850, and 900 °C taken with a GeminiSEM
450 at 5 kV. Left side shows low-doped samples, with nitrogen shell-doped samples on the right. Shell-doped particles show preferential re-nucleation
on their {111} facets due to the too-high nitrogen concentration, whereas low-doped particles show no such structures. Twinning can be found for all

conditions.

using such a system. As illustrated in Figure 3, at a temperature
of 700 °C, roughly 35% of NDs fall within the range of 30-60
nm, which would allow us to get roughly 1 mg of these particles
within a single run, enough for further chemical processing.

In this work, we do not concentrate on achieving high quanti-
ties and grow on small, 5 x 5 mm? silicon substrates. Removal of
NDs from the wafer can be done through etching, however this
process requires the use of HF acid, which is undesirable. An-
other approach is to use a thin metallic intermediate layer,[?’] on
which NDs can be grown. The wet etching of such a layer is in-
stantaneous as it can be very thin, 50 nm or less, making the pro-
cess efficient. Using intermediate layers, NDs can be deposited
on various substrates such as quartz, sapphire, and others, allow-
ing for reusability. We perform preliminary measurements on
NDs grown on an intermediate molybdenum layer (see Support-
ing Information) to demonstrate the feasibility of the proposed
methods, however most of the work is done on particles grown
on silicon substrates. We have measured T; of nanodiamonds
grown on molybdenum inter-layers and achieved similar T, as
those on silicon, see Supporting Information.

2.2. Size and T, Distributions

Using a combination of scanning electron microscopy (SEM) and
photoluminescence mapping (PL), we are able to determine the
size of our particles and the average amount of NVs they contain
and therefore find important correlations, such as the product
of the N incorporation rate and the NV generation yield, as dis-
cussed further. We match PL distributions to size distributions
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obtained with SEM using the shape of the curves. With this, we
find the correspondence between size and photoluminescence
for a given laser power. This correspondence is further used to
determine sizes of specifically those particles that we measure
T, for.

For this evaluation, we use both low-doped FNDs and FNDs
equipped with a 10 nm thick highly N-doped shell, as discussed
in the Experimental Section. The size distributions of the nan-
odiamonds grown at various temperatures were first determined
using SEM. Further on, by identifying the FNDs in the PL map
and knowing the PL rate per NV, we correlate the size of particles
to their T, time. The SEM photos are analyzed with Image] and
Python, while the PL images are analyzed with a custom-made
Python program that uses the SciPy package. Due to threshold-
ing and blurring, we estimate our inaccuracy on the diameter to
be around 15 nm, or two pixels, given by the used SEM magni-
fication. This error results from either overestimating or under-
estimating the border of our nanodiamonds. The Experimental
Section and Supporting Information provide a detailed descrip-
tion of the complete workflow.

Figure 3a, for the NV shell doped samples, and Figure 3b, for
the low-doped samples, both display the FND size distributions.
The computed size distributions from PL are shown in blue, and
SEM distributions are shown in red. The diameter was deter-
mined from the PL intensity using the formula below; for the
derivation, see the Supporting Information:

1)
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Figure 2. SEM images showing typical particle morphology for our growth
conditions. Particles shown here do not have a §-doped shell. Additional
images can be found in the Supporting Information.

with d being the diameter, I, the total measured photolumines-
cence of a single diamond particle, a the diamond unit cell size
equal to 3.58 A, [N,]/[CH,] the nitrogen to methane ratio, I, the
single NV photoluminescence under constant laser power, N; the
nitrogen incorporation rate, and N, the N to NV conversion rate.
The FNDs grown at 700 °C exhibit the narrowest size distribu-
tion in Figure 3a, with a mean of about 58 nm. The mean size
increases to higher values as the temperature is raised, and in
some conditions, a secondary peak can be seen for larger par-
ticle sizes. During our image analysis, we employ a technique
known as “water-shedding”, which is a powerful image anal-
ysis technique for segmenting coupled particles and detecting
their boundaries.[?] As a result, this peak cannot be attributed
to several clustered FNDs mistaken for one particle. In addition,
SEM images visually display a collection of smaller particles, see
the Supporting Information. Due to the nature of sample pre-
treatment (see the Experimental Section) we anticipate that some
of the diamond debris from the roughening is still left on the
silicon substrate, even after the cleaning step, and behaves as
seeds. We expect that the size of this debris exceeds the criti-
cal nucleation size, allowing it to continue growing throughout
the CVD process and causing a distribution of larger sizes (2
peak in the distribution). We attribute the peak on the left, for
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FND of 50-60 nm in size, to heterogeneous nucleation, i.e., sp?
carbon residua, which transform to nuclei after an incubation
period.®! Pre-nuclei compete to grow or are etched until they
eventually surpass the critical nucleation size, at which point they
can continue to expand. We surmise that the occasional lack in
the peak division between primary and secondary ones is due to
the cleaning process’ reproducibility following nano-roughening,
i.e., removal of nanodiamond debris. Table S2 (Supporting Infor-
mation) provides a detailed description of the size distributions’
mean, 75th, and 99th percentiles, meaning 75 % and 99 % of
particles are below those thresholds, respectively.

Equation 1 is used to fit the PL distribution, shown in
Figure 3a,b, to the SEM distribution. To match the PL conditions
used for T) measurements, measurements were performed at 50
puW of laser power. For these small laser powers, the PL distri-
bution onset (blue) starts at a larger FND size with respect to
the SEM detected distribution onset (red), Figure 3. This is due
to the low PL luminescence counts related to small FNDs. We
could also access the first peak in the distribution spectra by using
higher laser powers, confirming that both the PL and SEM anal-
yses are well matched (see the Supporting Information for more
details). The same[N,]/[CH,] and I, are used for shell-doped sam-
ples grown at various temperatures. As the N, x N, product is the
only unknown variable in Equation 1, it becomes the fitting pa-
rameter for the PL distribution. We find the value of the product
N, x N, for different temperatures by matching the PL distribu-
tion (Figure 3a-b-blue), to the SEM distribution (Figure 3a,b-red).
This approach allows us to determine the NV concentration at
different temperatures, Figure 3c. We show that NV formation
increases six times at 700 °C compared to 850 °C. A similar re-
sult was obtained previously by Tallaire et al.,’°! where the NV
concentration for bulk growth at 780 °C increased by three times
compared to 880 °C. However, in their experiment, the growth
was performed exclusively on the {100} facet, and here, interest-
ingly, we have a mixture of both {100} and {111} facets. Since
nitrogen incorporation is more efficient in the {111} facet,*!l we
expect that it is the N-incorporation in the {111} facets that deter-
mines the final N-content in the case of our nanodiamond growth
as compared to [30]. We also note that the fitting values, used in
Figure 3, obtained for the FNDs with a nitrogen shell-doped layer,
which we discuss in detail below, were very similar to the corre-
sponding (i.e., same temperature) low-doped samples, i.e similar
N; x N, for similar temperatures). The fact that the §-doped shell
only has a small influence on the total luminescence is discussed
later in the text. As seen in Figure 3Db, the distributions for both
cases match well, thereby also supporting our theoretical model
for size distribution calculation. Figure S15 (Supporting Informa-
tion) also shows the calculated diameter of a particle compared to
its measured SEM size, having only a small error of a calculated
size of roughly 280 nm to a measured size of 306 nm.

Figure 4 shows all T) measurements executed on the shell-
doped nanodiamonds grown at different temperatures using a 50
pW laser. T, time ranges between 100 and 1800 ps. This spread
could be a consequence of varying morphology between NDs,
Figure 1, which depends on how a particle evolves from its nucle-
ation to its final crystal shape, in particular, depending on if {100}
or {111} facets are more prominent, defects can be different. We
achieve T, times on average of about 800 ps - a major improve-
ment over HPHT nanodiamonds, which achieve T, times up 150
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Figure 4. Top: Overview of the range of measured T, times for all shell-
doped samples, obtained with subtraction of a purely optical measure-
ment with a microwave measurement. Mean relaxation times stay rela-
tively consistent, Table S2 (Supporting Information). Bottom: Calculated
particle size from its luminescence for each measured T, time. Unless
specified, measurements were done at 50 pW. Two samples were mea-
sured at T mW as at lower power small particles blend into the background
luminescence, see the Supporting Information. For measurements at 1
mW, specifically low-luminescent particles were chosen. While average T,
is consistent between different samples, within the sample particles with
strongly varying T; times can be found. This is most likely due to varying
crystal morphology throughout the sample.

ps in particles of roughly 50 — 150 nm.["*! T, times do not show
such improvement (see the Supporting Information), this we at-
tribute to be due to the paramagnetic defect density, such as P1
centers providing the spin bath. Indeed, according to the growth
conditions, we expect the concentration of nitrogen to be around
10 ppm, while NV density is in the range of 100 ppb, whose ratio
is significantly higher than for implanted and annealed HPHT
diamond and is the limiting factor for T,.**) We also show that in
our samples, T, times seem relatively independent when increas-
ing the mean particle size (Table S2, Supporting Information).
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NDs smaller than 200 nm have to be measured with a higher
laser power of 1 mW due to their weak luminescence.

2.3. Effects of Nitrogen Doping

In this paragraph, we compare the morphology of low-doped and
shell-doped FNDs. A high nitrogen pulse is performed to engi-
neer an outer, NV-doped shell, comparable to §-doping in bulk
diamond. This technique is described in the Supporting Infor-
mation. The effects of the high nitrogen doping on the FND mor-
phology are studied using SEM and compared to the first set of
FND samples grown under low N-doping conditions. Figure 1
shows the difference in the surface morphology for low-doped as
compared to shell-doped FNDs, grown at similar temperatures.
The growth conditions for low doping were selected to lead to a
mixture of {111} and {100} facets and cuboctahedron shapes at
about 850 °C with an alpha parameter of roughly 1.75.13] Whilst
low N-doping leads to clean facets and nearly perfect crystal mor-
phology, high N-doping across all growth temperatures causes
major twinning. The thin diamond layer grown under the nitro-
gen pulse at the final step of the growth cycle shows re-nucleation
and multi-twining growth on the {111} facets, while the {100}
facets remain clean without re-nucleation. The effect of twinning
in {111} facets is known, especially for high N, gas addition.*¥]
Due to this multi-twinning and re-nucleation, the high N-doped
shell is highly defective, and we observe a decrease in relax-
ation time T, as compared to low-doped growth only, displayed
in Figure 5. We could show that the growth at high nitrogen dop-
ing conditions leads to generation of surface defects, of which the
integrated magnetic field reduces the T, time.®] Also, the crystal-
lographic defects enable other recombination channels and con-
sequently the PL from the shell-doped layer is reduced. Another
characteristic is that the T} measurements discussed in the next
section are more difficult to execute due to the baseline drift. In
particular, for example, by applying a MW z-pulse, the PL trace
does not show the population inversion, as expected, shown in
Figure 6. However, by using the procedure (described in the fol-
lowing section), we can correct for the time-dependent baseline.
The decrease in relaxation time is very likely to be therefore an ef-
fect induced by the increase in surface area due to multi-twining
and due to an enhancement of surface spins density.?*l As men-
tioned in the previous section, in Figure 3 we have used the same
fitting parameters to calculate the size distributions for the low-
doped crystal growth as for the shell-doped size distributions.
This makes us believe that the NV formation during the high
nitrogen pulse, relative to the N concentration in the gas phase,
is low and most of the nitrogen is incorporated as N..

2.4. Microwave T, Measurements

Nanodiamonds are vulnerable to NV charge state alternations.**]

If charge state alterations are dynamic, they will introduce a

Figure 3. A. Overview of the size distributions by SEM (red) and by calculation from PL distribution (blue) for shell-doped samples. B. Similarly calculated
distributions for low-doped samples. The calculations for corresponding temperatures used the same reactor impurity, single NV count and N; x N, rate.
C. NV concentration and the product of nitrogen incorporation N; and conversion rate N, as a function of temperature showing a 6.25 fold increase at
700 °C as compared to 850 °C. Nggy, and Np; are the number of particles measured for the SEM and PL distributions, respectively. Particles smaller
than 70 nm are absent in the PL distribution, since the sample images used for the distribution analysis are obtained at low laser power.
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Figure 5. Experimental data fits for shell-doped and low-doped nanodi-
amonds. Addition of a nitrogen pulse (shell-doping) to the growth se-
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[0.5ms, 0.9ms]. Particles were calculated to be around 500 nm. Shell-
doped nanodiamonds show lower T, times than the FNDs grown without
shell-doping.
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baseline drift to the measurements, because the free evolution
would, additionally to the spin state, also involve reaching charge
state equilibrium. These alternations can occur via photoioniza-
tion of N, NV, and other defects present in FNDs, but also by
redistributing the charge on the ND surface. This is quite nat-
ural, taking into account the possible band bending effects and
their influence by surface termination.[*} As the band bending
can range over several nm or more,*”] the charge alterations are
naturally present. Band bending can occur for example due to
adsorbates present at the surface.[*®! Here, we have measured
on the naturally grown nanodiamonds without any additional
treatment, as we preferred not to detach the FND from the

Shell-Doped

'S 0.96 - ' No MW

.
L] -

0.94 1 MW Before Free Evolution

o

Photolum. [a.u.

o o
© ©
o N
1 1

0.88

T T
0.0 0.5 1.0 15
Free Evolution Time [ms]

www.advquantumtech.com

silicon surface due to their small amounts and to prevent any
use of chemicals that might lead to FND pollution by substrate
surface etching. Diamond surface adsorbates can also change
upon laser illumination, influencing the band bending,®! for
example, by flattening it by charge carrier generation. Also, PL
from other defects can contribute to the detected signal. There-
fore, during the measuring of T, relaxation time, the resulting
PL curve contains both the nitrogen-vacancy relaxation and
additional defects relaxation. For these reasons, it is necessary to
properly analyze the PL time dependence to distinguish between
T, relaxation and parasitic effects.

In order to exclude these parasitic effects, we perform mea-
surements by using purely optical T, detection and also measure-
ments with z-pulse microwave application.[**] Microwave radia-
tion swaps the population of spin states zero and one, and this
process is followed by a PL readout. If photoluminescence de-
cay were a result of NV spin relaxation only, the relaxation curve
would be mirrored after the MW-induced population swaps. Mea-
surements of differences in time traces for purely optical and
optical with MW driving have therefore been used* to fully de-
compose the PL decay spectra into spin flip dependent and inde-
pendent processes. While for purely optical spin polarization and
decay measurements, we anticipate a decaying PL curve to the
steady state, when using z-pulse microwave driving in between
the laser pulses, we anticipate a rising PL with time.

As stated, our measurements have revealed the presence of an
additional non-spin baseline relaxation, most likely originating
at the charge alteration processes. Figure 6 shows the results of
the three measurement sequences described in the Experimen-
tal Section, Figure 9, performed simultaneously. The “No MW”
curve indicates the population of m, = 0 spin state after relaxation
from m, = 0 state, the “MW After Free Evolution” curve indi-
cates the population of m, = 1 state after relaxation from m, = 0,
and the “MW Before Free Evolution” curve indicates the popu-
lation of m, = 0 after relaxation from m, = 1. Subtraction of the
curves that correspond to relaxation from m, = 0 should allow us
to correct for the baseline. However, the difference between the

Low-Doped
1.000

0.995 .
0.990 * . . Nomw

0.985 o« o °

[a.u]

MW Before Free Evolution

Photolum
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Figure 6. Photoluminescence as a function of free evolution time for shell-doped (left) and low-doped (right) nanodiamonds. Low-doped FNDs show a

stronger inversion of the relaxation-related decay.
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Figure 7. Difference between photoluminescence signal with and without
microwave application. Data for the high T; sample diverges with respect
to microwave pulse position, but data for the reference sample does not.
For this comparison particles with similar T; are found in both samples.

curves changes very little, as they do not fully converge, causing a
large error on the fitting parameters. Therefore, we choose to sub-
tract the curve showing m, = 1 relaxation from the curve showing
m, = 0 relaxation. Even though the relaxation path from m, =1
is different than from m_ = 0 state, and the decay from m, = 1 is
biexponential, the population of m, = 0 state still changes with
the same time constant.?! We solve rate equations to show that
the T, is the same in both cases (see the Supporting Informa-
tion). The T, values presented in Figure 4 are calculated this way.
We present a more complex background subtraction procedure
in the Supporting Information.

The fact that the two curves for relaxation from m, = 0 do not
converge indicates that the state to which the system relaxes on
the timescale of the measurement might not be a full statisti-
cal mixture of the three triplet states. This is an unexpected re-
sult, as thermal energy at room temperature should be higher
than the splitting between the triplet states. We confirm that we
have no leakage of laser light, as such leakage would indeed re-
sultin breaking the symmetry between the triplet states. We mea-
sure that AOM attenuation exceeds 50 dB for 10 pW laser power,
which means that initialization time will increase from approx-
imately 3 ps to more than 300 ms. Considering that the longest
free evolution time in our measurements is 3 ms, the effects of
laser leakage are negligible. Although the origin of this effect re-
mains unconfirmed, our hypothesis is that it can be connected to,
e.g., observed charge switching of NVs under illumination or in
the dark,[°! or possibly to surface Fermi level pinning.**! For ex-
ample, there can be an upward band bending, as we observed, at
the surface leading to higher population of NV states.**] When
the band bending slowly relaxes (the charge redistribution at the
surface is known to be slow, often in the range of minutes), the
NV? will slowly transform to NV- state in which the m_ = 0 pop-
ulation will be augmented [, the system will return to an equi-
librium statistical mixture between the m, = 0 and + 1 states, on
the moment when the band bending relaxation stops. Notably,
we do not observe this anomaly in nanodiamonds prepared with
a standard method, i.e., HPHT nanodiamonds, Figure 7.
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2.5. Referencing

For comparison of T} values in HPHT and CVD-FNDs, and also
to verify the reliability of the T, protocols, a reference measure-
ment is carried out on HPHT NDs with an expected T, time of
roughly 100 ps.['?] Figure 8a shows T, measurements on four
different nanodiamonds, three of which show relaxation times
very close to the expected values. The dependence of these re-
laxation times on laser power is also measured, as shown in
Figure 8b. Measurements are performed on the same nanodia-
mond, but with varying laser power. Lower laser power shows
a longer T, time (140 ps) compared to higher laser power (76
and 91 ps). However, it has to be noted that lower laser pow-
ers (if only shorter laser pulses are used) are less reliable, as full
initialisation is not achieved, as seen in Figure 8c. Additionally,
the photoluminescence response of an NV center depends on
laser power, which is why in Figure 8c, the readout of the ther-
mal state (dashed lines) shows different pulse shapes for differ-
ent laser powers. Although, the population inversion after a MW
pulse properly occurs at higher laser power, showing that HPHT
has a more stable surface. In that case, we used oxidized HPHT
FNDs from [42]. On the other side, this highlights the need for
using both the MW and optical T} measurements to correct for
the FNDs that are not oxidized or in contact with a liquid or other
environment.

3. Conclusion

We fabricated fluorescent nanodiamonds with a high T, spin
relaxation time, exceeding the current limits of HPHT nanodi-
amonds. To this end, we have performed CVD nanodiamond
growth based on heterogeneous nucleation on pre-engineered
surfaces. By measuring the FND size distributions and attribut-
ing them to their T, times, we show that we can achieve high
mean T, times in particular 800 ps with a maximum over 1.8
ms for nanoparticle sizes averaging 60 nm at 700 °C. This is
about eight times higher than commonly found in commercially
available HPHT nanodiamonds and already closer to the T, bulk
diamond values. The regular diamond shapes and low density
of defects are probably playing a major role in reaching high
T, times. We have found out that the T, time can easily be
incorrectly evaluated from photoluminescence relaxation due
to, probably, photoionization of other defects or band bending
changes occurring on the surface of NDs when illuminating with
laser, as discussed in the Supporting Information. This is particu-
larly relevant if FNDs are exposed to a time-varying environment,
such as a biological environment. By measuring the SEM particle
size and mapping the PL using developed dedicated software, we
could determine the product of the N incorporation from the gas
phase and the NV generation yield. The calculated N incorpora-
tion rate to FNDs is in the range of 1%, suggesting that the NV
incorporation still occurs mainly via {111} facets. Further on, we
attempted to fabricate an NV-doped shell around the core ND
by pulsing nitrogen at the final step of the growth; however, due
to high doping, we created a highly re-nucleated {111} surface,
which is defective. Thus, further optimization to avoid the multi-
twinning and re-nucleation for N-doped films together with a
high incorporation is necessary to prepare smooth facets with
high T, times with highly dense ensembles. Moreover, our par-
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Figure 8. A. Relaxation time measured for different HPHT nanodiamonds similar to those used in [12]. The difference between the nanodiamonds is
within error, 100 ps is assumed to be the characteristic relaxation time for these samples. B. Relaxation time was measured for different laser powers.
T, decreases with increasing laser power. At low powers, NV centre initialisation does not happen or happens to a small extent. C. Time-resolved
photo-luminescence during readout pulse of 6 ps, before (solid) and after (dashed) full NV relaxation.

ticles exhibit approximately ten times lower photoluminescence
compared to conventional HPHT nanodiamonds. Although
previous studies have successfully conducted quantum mea-
surements and tracking using nanodiamonds hosting single NVs
within cells,[**] further improvement in the ND luminosity can be
achieved by an additional irradiation treatment, which would in-
crease the NV concentration and reduce partially the N spin bath.

While our nanodiamonds show enhanced relaxation times as
compared to HPHT nanodiamonds, there is still further research
needed to increase the nanodiamond yield. In order to achieve
sufficiently large amount of FNDs for chemical processing, one
can use, for example, large area growth systems, such as Lin-
ear Antenna MW reactors.[**! FNDs can be grown on interme-
diate layers, which are easy to chemically etch away to release
FNDs and without the need to dissolve large amounts of the sub-
strate material. We estimate that several milligrams of FNDs can
be produced in one CVD deposition run. In addition one can
grow on 3D structures such as porous media, nanotube arrays!*’]
or similar, to further increase the FNDs amounts deposited in
one run.

4. Experimental Section

MW Plasma Reactor: A home-built plasma-enhanced chemical va-
por deposition (PE-CVD) diamond reactor (See the Supporting Informa-
tion), was used to grow nanodiamonds. The growth was controlled with
custom-made Python software that communicates with the reactor’s Pro-
grammable Logic Controller (PLC), which enabled us to had precise con-
trol over growth parameters. The MW source consists of a 2.45 GHz mi-
crowave generator connected to a waveguide and had a maximum power
output of 1.5 kW. Nanodiamonds were grown on Si substrates with sizes of
5x 5 mm?2. The gas mixture and growth conditions were discussed below.

Adv. Quantum Technol. 2023, 6, 2300004 2300004 (9 of 11)

Nanodiamond Growth: ND nucleation pre-treatment on all samples
was carried out after an initial ultrasonic cleaning using ethanol, followed
by subsequent nano-roughening of the substrate with diamond powder
using an ultrasonic vibration table (Vibromet Polisher) and 80-120 pm-
sized diamond particles (Custodiam 80/120 Mesh) on Si substrates. The
samples were again cleaned ultrasonically using ethanol and dried under
nitrogen gas flow.

Following their cleaning, the samples were placed within the diamond
reactor, which was pumped down to its minimum base pressure of 1.1
E-8 mbar. Two sets of samples were grown: low nitrogen doped and FND
with a highly N-doped shell. The substrate temperatures were varied from
700 to 950 °C (see Table S2, Supporting Information for the full list) as
measured with a calibrated single wavelength pyrometer. The growth was
carried out at a constant 1% methane (4 sccm) addition in hydrogen (396
sccm), a pressure of 120 mbar, and a power of 1.0 kW for 10 min. For
the growth of the low doped FND particles, it use H, gas with 10 ppm
N,. It also carried out the pulsed N-doping technique, where shell-doped
samples had 5 sccm of N, added during the final 30 s leading to the growth
of a 6-doped shell with an intent to generate NVs close to the surface of
the diamond particles. The full details of the pulsing technique could be
found in the Supporting Information.

Optical Setup: Figure 9 depicts the quantum confocal setup used for
measurements. It consisted of a 532 nm laser beam modulated by an
acousto-optical modulator (AOM) for the generation of laser pulses. A
dichroic mirror was used to direct green light to the sample and red photo-
luminescence light from the sample to an avalanche photo-detector (APD)
or a CCD spectrometer using a 0.95 N.A. objective. T measurements were
performed with a 650 nm long-pass filter, a 700 nm short-pass filter was
used for imaging purposes to cut-out the SiV luminescence. The silicon
substrate with grown nanodiamonds was glued to a PCB, over which a
50 pm thick wire was soldered. Microwaves could be applied through this
wire, which was terminated with a 50 Ohm load.[*¢] The setup was run
with custom-made LabView software.

High-Resolution SEM: High-resolution SEM imaging was performed
with a Zeiss 450 FEGSEM with Gemini two Optics at 5 kV to study their
morphology and to see the effect of nitrogen pulsing.
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Figure 9. Top: Schematic overview of the measurement setup. Standard
confocal setup with the possibility to apply microwaves. Green laser (532
nm) goes through an acousto-optic modulator (AOM) to the sample, il-
lumination from the sample is collected through wavelength filters to an
avalanche photodiode (APD) or to a spectrometer. A dichroic mirror is
used to combine sample irradiation with light collection. A microwave wire
is placed over the sample surface for T; pulsed measurements. A 650 nm
long pass and 700 nm short pass filters are used. No filter is used for
measuring spectra. Bottom: Measurement sequences used for T, deter-
mination. Each sequence consists of an initialization pulse (1) followed by
free evolution time (z), when no external perturbation is applied, and a
readout pulse (R) in the end. The first sequence is a purely optical mea-
surement, the other two sequences have an additional microwave z-pulse
(P) right before or directly after free evolution.

Size Distribution Analysis. Size distribution analysis was performed by
several image analysis tools, in particular by combining high-contrast SEM
images taken by a FEI Quanta and maximum-filtering photoluminescence
imaging (see the Supporting Information).

T; Measurements:  To determine the relaxation times of the grown nan-
odiamonds, various optical and microwave pulsing schemes, as shown in
Figure 9, were compared. A small external magnetic field was applied to
split the resonances.

Initialization of the NV centres in the nanodiamonds was achieved us-
ing a 532 nm laser pulse. After a time delay (), a readout of the color cen-
tres was performed. During this delay, NV centres relax to their thermal
equilibrium state with time constant T,. By varying = we obtain a full relax-
ation curve for the specific nanodiamond. Optionally, a microwave pulse
was inserted either between the initialization pulse and free evolution or
between the free evolution and the readout pulse. The former changes the
relaxation path from ms = 1, while the latter merely swaps the state pop-
ulation before readout.

Due to laser illumination and subsequent photoionization, the charge
state of the NV centre could change. As such, both optical and MW as-
sisted T; measurements were performed, with further subtraction of the
results in order to exclude the charge state alteration effects on the PL
decay.[*] Also, the baseline relaxation was important for some FNDs and
it discussed this in detail in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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