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ABSTRACT: Nitrogen vacancy (NV) centers in fluorescent
nanodiamonds (FNDs) draw widespread attention as quantum
sensors due to their room-temperature luminescence, exceptional
photo- and chemical stability, and biocompatibility. For
bioscience applications, NV centers in FNDs offer high-spatial-
resolution capabilities that are unparalleled by other solid-state
nanoparticle emitters. On the other hand, pursuits to further
improve the optical properties of FNDs have reached a
bottleneck, with intense debate in the literature over which of
the many factors are most pertinent. Here, we describe how
substantial progress can be achieved using a correlative
transmission electron microscopy and photoluminescence
(TEMPL) method that we have developed. TEMPL enables a
precise correlative analysis of the fluorescence brightness, size, and shape of individual FND particles. Augmented with
machine learning, TEMPL can be used to analyze a large, statistically meaningful number of particles. Our results reveal that
END fluorescence is strongly dependent on particle shape, specifically, that thin, flake-shaped particles are up to several times
brighter and that fluorescence increases with decreasing particle sphericity. Our theoretical analysis shows that these
observations are attributable to the constructive interference of light waves within the FNDs. Our findings have significant
implications for state-of-the-art sensing applications, and they offer potential avenues for improving the sensitivity and
resolution of quantum sensing devices.
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INTRODUCTION

Atom-like solid-state quantum emitters have excellent potential

demonstrated the potential of FNDs as highly competitive
biosensors for medical diagnostics.

Most FND-based sensors rely on optical emission, and thus,
their sensitivity improves with increasing photoluminescence
(PL) brightness. Hence, various routes to improved brightness

have been pursued, such as by increasing NV concen-
nanodiamonds (FNDs) have attracted immense interest tration,'”'> FND surface modification,'*™>° and tuning of

owing to their room-temperature operation, exceptionally
high photo- and chemical stability, and excellent biocompat-
ibility."~* Such advantages have seen FNDs utilized as sensors
of local temperature,s’6 electric’ and magnetic fields,®'° local

as nanosensors, offering high spatial resolution and minimized
disturbance to the host. Among the quantum emitters
available, nitrogen vacancy (NV) centers in fluorescent
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crystallographic strain,'' and single molecules.'” Recently,
detection of HIV with a sensitivity 5 orders of magnitude
better than conventional gold nanoparticles' has further
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the annealing process.”"”* In addition, the size and shape of
the FND particles are vital parameters. Generally, the closer
the NVs are to the analyte, the better the sensitivity. Hence,
there is a strong push to create ever smaller FNDs (<20 nm)
in which all NVs are necessarily close to the FND surface.
However, achieving an adequate number of NVs to give high,
stable fluorescence in such small FNDs has proven very
challenging.”® In this context, particle shape can be crucial: A
particle that is, for example, 100 nm in two dimensions and 20
nm in the third dimension could potentially achieve both high
fluorescence and high NV surface proximity.

On the other hand, understanding which of the many
possible factors are important to the brightness of NVs (and
other color centers) in FNDs is extremely challenging. Thus,
there has been intense debate in the literature regarding the
pertinent factors, including the particle size and shape. For
example, measurements from FND ensembles show that the
PL intensity generally decreases with decreasing particle
size.”"** Since most FND fabrication is a top-down process,
whereby larger diamond crystals (um sized) are milled to
smaller sizes,”**® the resultant FNDs typically comprise a
broad distribution of sizes and shapes. This lack of uniformity
has inspired single-particle level studies, using correlative
scanning electron microscopy (SEM) and atomic force
microscopy (AFM),””*® which have concluded that, depend-
ing on the fabrication process and the nominal particle size,
there is no correlation, or at best moderate correlation,
between the PL intensities and particle sizes. Moreover,
numerous studies have shown that even individual FND
particles of the same size and same fabrication process can
exhibit a 4—5-fold variation in brightness.””*” Such variations
are highly problematic for potential scale-ups of nanosensor
applications: For FND scanning probes as near-field sensors, it
can make the selection of an “ideal” FND particle a laborious
process;*° for accurately positioned nanosensors, such
variations can result in substantial, undesired variability
between different locations.>’ On the other hand, studies of
shape effects are scarce, with only a few recent works reporting
that FND particles can have high aspect ratios.””” No
correlations between the particle shape and PL brightness
have been reported.

To date, measurements of FND brightness have been
performed either on large ensembles of particles or on a small
number of individual particles.”**** Ensemble measurements
offer rapidity and broad representability, but run the risk of
missing factors associated with individual particles, such as the
influence of size and shape on the electromagnetic environ-
ments of color centers.”” This has motivated studies on
individual ?articles using confocal PL combined with SEM or
AFM.**%*373 Unfortunately, while the latter studies have
provided more information, it can be argued that they are
inconclusive and contradictory regarding the dependence of
PL brightness on particle size and shape. This could be
attributable to the limited spatial resolution of SEM and AFM,
and the lack of thickness information in the case of SEM,
which often cannot resolve detailed structural features to
provide accurate measurements of particle shapes.

To overcome these challenges, here, we have developed a
method based on correlative transmission electron microscopy
and photoluminescence (TEMPL). TEMPL allows a direct
correlation of the fluorescence brightness and (quasi)-3D size
and shape of individual FND nanoparticles. PL provides
optical information with exquisite energy resolution, and TEM

provides structural information with exquisite spatial reso-
lution. Unsupervised machine learning (ML), using general-
ized 3D shape descriptors, is used to analyze correlations
between the PL brightness and the 3D shape of FND particles.
The automation provided by machine learning allows TEMPL
to be applied to large sample areas (2—3 orders of magnitude
larger than a typical TEM field of view) containing a
statistically significant number of particles.

Using our machine-learning-assisted TEMPL method and
supplemented by our theoretical analysis, we demonstrate that
the FND particle shape, combined with the presence of
suitable thin substrate or surrounding medium, can produce a
substantial increase in the PL brightness. In particular, we show
that a thin, flake-shaped FND particle morphology, irrespective
of the particle diameter, can host NV centers that exhibit up to
several times greater brightness than thicker particles. Further
substantiated by our theoretical calculations, our results
demonstrate that a thin particle morphology could provide a
possible approach to brighter FNDs containing near-surface
NVs, thereby advancing the sensitivity and resolution of FND-
based quantum sensors.

The layout of this article is as follows. In the first half, we
describe the machine-learning-assisted TEMPL method that
we have developed. We describe our methods to correlate data
from TEM and PL experiments, our procedure for retrieving
3D shapes of individual FND particles, and our machine-
learning-based shape analysis algorithm. In the second half, we
describe results obtained from an application of TEMPL to the
3D morphology—structure—photoluminescence relationships
of FND, as well as a theoretical analysis of the Purcell effect in
FND. In the final sections, we present a conclusion and
additional details on materials and methods.

RESULTS/DISCUSSION

Machine-Learning-Assisted TEMPL. Correlative TEM
and PL. Figure 1 illustrates the TEMPL method. To achieve an
accurate correlation of TEM and PL data, it is essential to use a
sample substrate that works for both measurements with
appropriate markers for registration. For this purpose, we use a
TEM grid featuring square windows with a 10 nm uniformly
thick a-SisN, substrate, which provides low background
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Figure 1. Correlative TEMPL. (a) BF-TEM montage imaging and
confocal PL mapping are applied to the same sample region; (b, c)
BF-TEM montage exhibiting local particle distribution and their
nanostructures and zoom-in of an arbitrary subarea; (d, e)
Corresponding confocal PL map and zoom-in; (f) TEMPL map
of the subarea exhibiting precise one-to-one correlation between
PL (multicolored) and BF-TEM (white). In (f), the variation of
BF-TEM intensity is omitted for visualization.
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contrast in TEM imaging and minimal background fluo-
rescence in PL. Moreover, as will be explained later, such a
substrate closely mimics the electromagnetic environment that
FND particles would experience in free space.

TEM has a field of view that is typically 3 orders of
magnitude smaller than that of PL. To overcome this, a large
number (thousands) of TEM images are acquired to effectively
match the fields of view (Figure 1(a)). Bright-field (BF) TEM
imaging is used here for its rapidity. Moreover, in the case of a
weakly scattering sample, such as FND, the BF intensity varies
approximately linearly with sample thickness for particles
oriented away from major zone axes (as validated below),
enabling a relatively simple quantification of the local thickness
within individual FND particles. The latter information enables
us to obtain quasi-3D particle shapes that are used to correlate
with the PL intensities.

One of the most challenging aspects of the TEMPL method
is to achieve an accurate registration between the PL and TEM
data sets. Our registration procedure can be divided into three
main steps. First, the TEM images are “stitched” together using
cross-correlation of overlapping edge regions to construct a
TEM montage map which covers the same fields of view as the
PL map (Figure 1(b,d)) (details in the SI). Second, the TEM
montage and the PL map are coarsely registered, using the
edges of patterned window, and with the application of an
affine transformation to correct the scaling, rotation, skew
distortion, and translation (Figure S2). Third, a final affine
transformation is applied to align the particle positions
obtained from the higher resolution TEM images with the
centroids of peaks in the PL map (Figure 1(f) and SI).

In this demonstration of the TEMPL method, we have taken
care to ensure that the measured PL brightnesses of individual
particles come from well-isolated particles. This cautious
approach was taken to ensure that the relatively poor spatial
resolution of the PL signal did not compromise our results. A
disadvantage of this approach is that only a fraction of the
particles (20% in the FND analysis described later) are
ultimately included. In addition, we can use the higher spatial
resolution information in the TEM images to retrieve a
superresolved PL signal with the a priori knowledge of the PL
point-spread function.

Retrieval of Quasi-3D Particle Shapes. Although electron
tomography is arguably the most established technique for
reconstructing the 3D shapes of nanoparticles, standard
implementations require a tilt series containing more than
100 members, which is impractical in the context of TEMPL,
where 1000 images are already necessary to cover the large
field of view. Tomographic reconstructions also suffer from the
“missing wed§e” problem, which leads to artificial shape
elongation.”®™ " Instead, we opted for a simpler approach to
retrieve the quasi-3D shape information from the local sample
thickness. The approach assumes that the 2D projection plane
of the sample is a mirror plane (see SI Section IV for further
details). This assumption is common in the field of computer
vision"""* and has also been used in the context of atomic-
resolution electron tomography.*”** Although some 3D
information is inevitably lost, the retrieved quasi-3D
information proves to be sufficient for our categorization and
analysis. Moreover, the approach is rapid and requires minimal
imaging data and is thus suited to the large field of view
mandated by TEMPL.

To obtain the local sample thickness, we used the fact that
the BF-TEM image intensity varies linearly with thickness for

homogeneous, weakly scattering samples oriented away from
major zone axes. To verify the latter statement, we have tested
it against both AFM and annular dark-field scanning
transmission electron microscopy (ADF-STEM), the latter
two being established techniques for determination of local
sample thickness.”~* The comparison is shown in Figure
2(a,b). Agreement to within 6% is obtained over a broad range
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Figure 2. Verification of BF-TEM for local thickness and quasi-3D
shape retrieval. (a) AFM, ADF-STEM, and BF-TEM imaging of the
same exemplar FND particle, with the color (or gray scale) bar
indicating the local thickness for each image. (b) Comparison of
measured thicknesses of 18 exemplar FND particles spanning a
broad range of sizes and shapes. (c) Exemplar retrieval of quasi-3D
particle shape from its BF-TEM image.

of particle sizes and shapes, which is an acceptable error.
Although it would be possible to do so, here we choose not to
use AFM or ADF-STEM directly in the TEMPL method, as
their acquisition times are an order of magnitude slower than
BF-TEM.

Machine Learning-Based Shape Analysis. To enable a
statistical analysis of the PL brightness and 3D shape
distribution of the FND particles, we have developed an
unsupervised machine learning approach that utilizes a
clustering method (for details see SI Section VI). Such
unsupervised methods do not require training data and are
therefore not prone to biases that may exist in training data.
Our ML approach employs the first three 3D Hu moments
H® H3®, andH3" as the shape descriptors. The 3D Hu
moments differ from the 2D Hu moments*” often employed in
the field of computer vision, as well as electron micros-
copy.””>" The main advantage of (both 2D and 3D) Hu
moments is that they provide shape parametrization that is
independent of the size, spatial location, and orientation of the
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particle. They can also be computed efficiently, which is
important for the throughput of the TEMPL method. Here we
have employed only the first three 3D Hu moments; however,
we find that this number permits sufficiently accurate analysis
of the END shapes (see SI Section V and Figure S3 for further
details).

The first three 3D Hu moments can be defined in the form™”

3D _
Hl = Ha0 + Hozo + Hooy
H® = + + —u’
2 = Hayoothoro T Hozotoor T Haoottoor ~ Mo

3D _ 2
H;™ = Hagokonotons ~ Hooaito (1)

. . 2
where p,,,, is the normalized central moment’

= VO [ avs - ) (- ) - o)
()

and where V and (xy, 3o, z,) are the particle’s volume and
centroid, respectively.

The shape analysis algorithm is represented schematically in
Figure 3. First, the 3D particle shapes are parametrized using

HP‘Z’
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Figure 3. Representation of quasi-3D shape categorization via
unsupervised machine learning. (a) Exemplar 3D particle shape
models. (b) Parametrization of shapes using 3D Hu moments H;,
H,, and H;. (c) Shape categorization is achieved by k-means
clustering-based machine learning applied to the Hu moments
(shape groups are color coded). (d) Transformation of the 3D
shape space from Hu moments to an alternative shape descriptor
and correlation with PL measurements.

3D Hu moments, such that each particle can be expressed as a
point in the 3D Hu space (Figure 3(b)). Second, unsupervised
machine learning is used to categorize the shapes based on k-
means clustering with the average-linkage method™ (Figure
3(c)). The number of shape groups are optimally chosen using
internal cluster validity indexes®* >° (see SI Section VI for
further details). Finally, the parametrized and categorized
particle shapes are correlated with their PL measurements to
exhibit 3D structure—fluorescence correlations (Figure 3(d)).

Additionally, we can further utilize the normalized central
moments to compute a visual shape descriptor.”’ In this case,
we chose the 3D aspect ratio, and the reason for this choice
will become clear below. The 3D aspect ratios (1, My n,) can
be defined in terms of the particle axes’ lengths

n, = +2)/2X,
n, = (Zz + X)/2Y,
n=X+Y)/22 3)

where X and Y are the major and minor horizontal axis lengths,
respectively, and Z is the vertical axis length. The axis lengths
themselves can be written in terms of the normalized central
moments, given in the form (details of the derivation are given
in SI Section V)

—_ [povl/3 2
X =10V X (/’tzoo + Moo + (('“200 + ”020)

k),
_ [Anyl/3 2
Y=4Jiov /X (7200 + Hopo — (('“200 + ”020)
2 \1/2N\1/2
Z= 2\/gvl/s(//‘ooz)l/z (4)

(Note that the expression for Z is simpler due to the
assumption that the x—y plane is a mirror plane.) Thus, for
example, 7, is the ratio of the particle’s average width to its
height. For a perfect sphere, we have (17,1, 17.) = (1, 1, 1) . In
general, a larger aspect ratio implies a thinner particle in the
corresponding direction.

Another relevant and simple visual shape descriptor is the
sphericity, ¥, which measures the “compactness”. The 3D
sphericity is directly related to the 3D Hu moments according
to

_ H13D(S)

H’ (s)

where H;?® is the first Hu moment for a perfect sphere, and
H3P is that of the particle. For a particle that happens to be a
perfect sphere, the sphericity W reaches its maximum value of
unity.

It is worth emphasizing that, while the visual shape
descriptors facilitate a simpler interpretation, retaining the
more general Hu moments can also be important in ensuring
that the correlations established between shape and PL
brightness are free from bias.

Application to FND Morphology, Structure, and
Photoluminescence. FND Optical and Structural Proper-
ties. The FNDs studied here were nominally 100 nm in size
and were produced by irradiating synthetic diamond powders
with 40 keV He" ions followed by annealing at 800 °C to
create NV centers and air surface oxidation treatments at 450
°C for 1 h, as described in more detail elsewhere.”>

Figures 4(a—d) show representative BF-TEM images of the
FND particles in which the irregular nature of the particle
shapes can be seen. In Figure 4(e), the FND particles show
little graphitic species on the surfaces, as expected due to the
surface oxidation treatment performed during the synthesis
(see SI for further details). Figure 4(f) shows the particle size
distribution (derived from TEM data), which is broad, ranging
from approximately 20 to 250 nm, with an average size of
about 100 nm. The PL spectrum in Figure 4(g) shows that the
FND particles contain neutral and negatively charged NV
centers, evidenced by the emission peaks at 575 and 638 nm,
respectively. The excited-state lifetime measurement is shown
in Figure 4(h), from which we deduce an average lifetime of
~16 ns, which is a value typical of FND particles in this size
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Figure 4. Structural and optical properties of FNDs. (a—d)
Representative BF-TEM images showing particle size and shape
distribution. (e) High-resolution BF-TEM image showing surface
structure of the particle in (d). (f) Histogram of particle sizes. (g)
PL spectrum. (h) Fluorescence lifetime measurement. (i) PL
intensities from individual FND particles as a function of particle

diameter.

range.25 In Figure 4(i), the PL intensities obtained from
individual particles (using the TEMPL method) are plotted as
a function of the particle diameter. We observe an expected
trend of increasing PL intensity with size, albeit with a
significant scatter of up to 6-fold variation for a given particle
size, in agreement with previous studies.””*’

FND Photoluminescence—Morphology Relationship. We
applied the machine-learning-assisted correlative TEMPL
method described above to analyze the fluorescence—
morphology relationship of individual FND particles within
the sample field of view. The PL intensities of individual
particles were obtained by integrating them over an
appropriate area of the background-subtracted PL map
containing an isolated particle. Great care was taken to ensure
that each data point refers to an isolated particle. As a result,
only about 20% of the total particles were used. This
precaution is necessary to overcome the relatively poor spatial
resolution of the PL signal. Note, however, that the particle
selection process is not based on any optical property, and so it
should not introduce any bias. Of those particles that could be
isolated, 98% exhibit a measurable NV fluorescence. Such a
high yield for nominally 100 nm particles is in agreement with
previous reports based on ensemble measurements.”>*’

Figure S(a) shows the categorization of the shapes of 42
selected particles in the 3D Hu space. The distribution is
scattered, demonstrating the irregular nature of the FND
particle shapes (compared to colloidal particles synthesized
using the bottom-up approach®”>"). Nonetheless, the auto-
mated machine learning categorization results in three
relatively well-separated shape groups, k,, k,, and k;. Particles
in group k; (purple) are characterized by small Hu moments
H,, H,, and H;. Group k, (green) tends to have somewhat
larger Hu moments, except H;, which remains small. The Hu
moments of group k; (yellow) tend to be the largest and also

exhibit the most scatter. 3D particle models representative of
the three groups are shown in Figure 5(j—1).

By representation of the FND shapes in 3D aspect-ratio
space (Figure 5(c)) a more obvious and concentrated particle
shape distribution is revealed. The distribution exhibits a
specific trend, from more spherical-like shapes with (7, My 7,)
close to (1, 1, 1) to thin-flake shapes characterized by large 7,
and small 77, and 7,. It is observed that all particles have 7, > 1,
which is a reflection of the fact that regardless of their shape,
the particles tend to reside as flatly as possible on the substrate.
In terms of the shape categorization, while the three shape
groups appear less distinct in aspect-ratio space, we can still
broadly state that group k; corresponds to spherical-like
particles and groups k, and k; correspond to thin flakes. The
said trends are further revealed by representing the shape
groups in terms of sphericity, as shown in Figure S(h,i). It can
be clearly seen that groups k, and k; have lower sphericity
(<0.5) compared to group k;.

Correlation of the PL brightness against the employed shape
descriptors, namely, the 3D Hu moments H;, H,, and H;, the
aspect ratios 7,, 17,, and 77, and the sphericity ¥, is shown in
Figure 5(b), (d), and (h), respectively. If the PL intensity from
a given particle was simply proportional to its volume, as would
reasonably be expected for a uniform distribution of identical
NVs, the volume-averaged PL intensity in Figure S(b), (d),
and (h) would remain essentially constant for all particles
(with fluctuations). On the contrary, Figure 5(b) shows that
the majority of the particles within group k; have low volume-
averaged PL intensities, whereas those in k, and k; have higher
intensities. When representing the PL variation with respect to
the aspect ratios in Figure 5(d), it can be seen that the thinner,
flake-shaped particles, corresponding to groups k, and k;, have
significantly higher volume-averaged PL intensities (group
average of 2.1 counts/nm’) compared to the thicker, more
spherical-like particles in group k; (group average of 0.8
counts/nm?*). Finally, Figure 5(h) exhibits a clear trend that
the volume-averaged PL intensity is inversely proportional to
the particle sphericity (with the exception of a few outliers).

With the assumption that the number of NVs within a
particle is proportional to its volume, the results in Figure S(b),
(d), and (h) translate to the statement that individual NVs
within thinner, flake-shaped particles are brighter. These
results also explain at least some of the scatter observed in
the PL intensities in Figure 4(i) and previous studies,”””” since
those measurements do not account for the 3D particle shapes.

Theoretical Analysis of Purcell Effect. As mentioned in the
Introduction, a wide range of phenomena have been reported
to influence the NV fluorescence in FNDs. However, the
phenomenon arguably most directly linked to particle shape is
the Purcell effect, whereby the modes of the electromagnetic
field, which are available to the photons emitted and absorbed
by the NVs, are altered with respect to a homogeneous
medium. To investigate this effect, we performed simulations
of the relevant electric fields and their influence on the
probability of detecting NV centers (see SI Section VIII). The
simulations assume disc-shaped particles 100 nm in diameter
with thicknesses in the range 10—100 nm, which match the
observed particle sizes but with a simplified geometry. While
the said geometry ignores the shape irregularities and surface
roughness of the observed particles, we note that many of the
particles are broadly flat shaped (77.4% of FNDs have aspect
ratios 77, > 1.5; see Figure 5(c)) and that the measured surface
roughness is small (typically less than S nm; see Figure S10).
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PL intensity. (c) Analogous plot of (a) showing individual FND particles in 3D aspect-ratio space. (d) Plot in aspect-ratio space with color
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particles of the three shape groups. (j—1) 3D FND models representative of the three shape groups.

Simulations were conducted for particles supported by a 10-
nm-thick Si;N, substrate (matching our experiments) as well
as particles in free space/air (simulating the case of particles
surrounded by a medium of low refractive index). The
simulations assumed a plane-wave description of the incident
and detected light (for a justification of this assumption, the
reader is referred to Figures S8 and S9).

Figure 6(a) shows the position-dependent probability of
detecting a PL signal from an NV center within a particle, i.e,,
the probability of obtaining a PL signal from an NV center at a
given position. The position-dependent probability is generally
greater for thinner particles in both cases, and for the substrate-
supported cases, this probability is significantly enhanced near
the bottom side of the particle interfacing the substrate. Figure
6(b) shows the corresponding volume-averaged PL signals,
where a uniform distribution of NVs has been assumed. Our
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simulations show that the volume-averaged PL signal is
strongest for the 10-nm-thick particle and decreases with
increasing particle thickness.

The prediction of greater volume-averaged PL signals in
thinner, flake-shaped particles is in good agreement with our
experimental observations, as shown in Figure 6(c), where a
qualitative comparison between the calculation and the
experimental results is given. These results indicate that the
geometry of the particle and the substrate can have a significant
influence on the PL signal from individual NVs. The results are
attributable to stronger electric fields within thin, flake-shaped
particles, which arise due to the constructive interference
between downward propagating and upward propagating (soft
reflected) partial waves in these deep-subwavelength-thick
particles. With increasing particle thickness, the interference
turns destructive and ultimately becomes damped due to
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Figure 6. Purcell effect on the PL signal from diamond particles
supported by a 10-nm-thick Si;N, substrate (matching our
experiments) and particles in air. Particles are assumed disc-
shaped with a diameter of 100 nm and thicknesses of 10, 25, 50,
75, and 100 nm. (a) Position-dependent probability of detecting a
PL signal from a randomly oriented NV center inside the particle,
using circularly polarized 520 nm light illumination from above.
(b) Volume-averaged PL signal as a function of particle thickness,
assuming a uniform distribution of NVs inside the particle. (c)
Qualitative comparison between the theoretical calculation (red,
on the 10 nm substrate in (b)) and the experimental results (blue)
with an exponential function fitting (blue dashed line).

reflections from the sides of the particles. We have no reason to
suspect that the charge state of an NV center plays a significant
role in this effect, and hence it should persist for both NV° and
NV~ centers.

The greater volume-averaged PL signal from supported
particles compared to those in air (and other low-index media)
is ultimately due to the subwavelength thickness of the
substrate: For particles in air, the reflection of partial waves
from the bottom of the particle is quite strong due to the
greater change in refractive index at the diamond/air interface.
However, for 10 nm substrate supported particles, partial
waves are reflected from both the diamond/Si;N, and Si;N,/
air interfaces, and, due to the subwavelength thickness of the
substrate, these interfere constructively at locations within a
few tens of nanometers of the particle’s bottom surface, with a
net strength ultimately greater than for a particle in air. Hence,
in this picture, the subwavelength thickness of the substrate
plays an important role, as it results in a high effective
reflectivity, which can enhance the electric field. We note that
in the presence of a bulk Si;N, substrate, partial waves reflected
from the internal diamond/Si;N, interface are weaker, and so
the variation of the volume-averaged PL signal with particle
thickness is far less marked (Figure S6). However, as the
refractive index of a bulk substrate is lowered, the enhance-
ment grows. For particles surrounded by a medium of
substantially lower refractive index, our calculations show
that fluorescence enhancement persists, even for different
particle orientations (see Figure S9 for calculations of the
diamond disc in air). The latter remarks are particularly
relevant for FNDs dispersed in solutions in biological
applications.

CONCLUSIONS

In conclusion, we have introduced a machine-learning-assisted
correlative TEMPL method, which enables direct elucidation
of the 3D morphological—fluorescence relationship of
fluorescent nanoparticles. We emphasize that the method
provides three-dimensional morphological information, which
is potentially crucial for a variety of fluorescent nanoparticle
systems but rarely achieved. Another significant advantage is
that, in contrast to ensemble-based methods, TEMPL is
performed ultimately at the level of individual particles.
Notwithstanding this, machine learning assistance permits
the analysis of a statistically meaningful number of particles.
Looking to the future, we note that there are several ways in
which the TEMPL method could be extended. For example,
while here we used BF-TEM imaging to provide 3D particle
shape information, other TEM modalities such as ADF-STEM
and EFTEM could be used. Likewise, the fluorescence
measurements need not be restricted to the PL brightness
but could be extended to incorporate lifetime measurements.
Such extensions would significantly broaden the range of
nanoparticle systems amenable to the TEMPL method.

Here we applied the TEMPL method to analyze the 3D
morphology—fluorescence relationship of NV-containing
nanodiamonds. The results directly reveal that the volume-
averaged brightness of thin, flake-like nanodiamond particles is
up to several times greater than that of three-dimensional-
shaped, thicker particles provided the particle diameter is less
than the subwavelength limit. With the assumption that the
number of NVs within a particle is proportional to its volume,
this implies that individual NVs within thinner particles are
brighter. Our theoretical analysis indicates that the compara-
tive brightness of thinner particles, either on a thin supporting
substrate or in a low-index medium, is attributable, at least in
part, to the constructive interference of partial light waves in
these particles. With increasing particle thickness, such an
effect becomes damped. The subwavelength dimension of the
substrate plays an important role, as it results in higher
effective reflectivity comparable to diamond particles in a low-
index medium (e.g., a low-index solution). Our calculations are
consistent with previous theoretical calculations,®® which
predicted similar effects. Here we emphasize the importance
of the substrate thickness, as borne out by our calculations and
experimental results. Our TEMPL method allows us to
unambiguously demonstrate experimentally the FND shape
and substrate effects on the brightness.

These results suggest potential avenues for fluorescence-
optimized nanodiamonds for sensing applications. Fabrication
of FNDs of controlled size and shape has recently been
demonstrated using a sophisticated, top-down self-assembled
mask method.®” This method is likely better suited for
quantum technologies due to the potential high cost and low
production yield. Another possible route is through the core—
shell particle design where the shell is composed of a thin and
low-refractive-index material.’”®" Moreover, for device appli-
cations involving particles surrounded by a low-index medium
(e.g., vacuum, air, or solution) or supported by a
subwavelength substrate, the greater brightness of thin, flake-
shaped particles should persist for other substrate materials, or
surrounding media, having a refractive index lower than the
diamond.
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METHODS/EXPERIMENTAL

Materials. The FND samples used in this study were synthesized
by FND Biotech, Inc. (Taiwan). The synthesis process began with
ball milling nitrogen-containing diamond powders into nanoparticles
of 100 nm nominal size, followed by irradiation with 40 keV He" ions
at a fluence of approximately 2 X 10" cm™, followed by annealing at
800 °C for 2 h to create NV centers, as described in more detail
elsewhere.”** The sample was then oxidized in air at 450 °C for 1 h.
The oxidation process is considered to be beneficial for two related
reasons: First, it is supposed to remove non-sp>-bonded surface
species, i.e., graphitic and amorphous carbon, which are produced
during the ball milling and irradiation processes, ? as such species are
considered to act as electron “traps” that result in intermittency
(blinking) and quenching of the NV emission.* Second, oxygenated
diamond surfaces can help to stabilize, or even enhance, the emission.
This can be explained by the replacement of C—H surface groups that
may lead to blinking of (NV~) centers, by C—O functional groups
during the surface oxidation.”"%**

TEM Specimen Grid Preparation for Correlative TEMPL.
After dilution with deionized water, a nanodiamond dispersion was
drop-cast onto a TEM grid featuring windows of 10-nm-thick a-Si;N,
containing nine 100 X 100 ym? windows. The purpose of the dilution
is to allow the nanoparticles to be distributed on the TEM grid with a
suitable degree of dispersion, i.e., neither too dense or forming large
clusters to interfere with the correlation of isolated FND particles nor
too dispersed to have too few particles in the image. The a-Si;N,
substrate film not only avoids the unwanted fluorescence from the a-C
that is present on more traditional TEM grids but also produces
minimal background fluorescence as well as low background contrast
for TEM imaging. Moreover, the thin substrate serves to closely
mimic the electromagnetic environment that FND particles would
experience in free space. The same TEM specimens were used in both
TEM and confocal PL experiments, to achieve direct correlative
electron-light microscopy.

Transmission Electron Microscopy Measurements. A JEOL
F200 TEM was used to obtain a BF-TEM image stack and high-
resolution TEM images. An in-house automated script was used to
control the movement of the stage and image acquisition to perform
sequential BF-TEM imaging over the entire region of interest. An in-
house software written in MatLab was used to generate the BF-TEM
image stack into a TEM montage and further to analyze the particle
size and shape information. In addition, aberration-corrected TEM,
GrandArm?2, operated at 300 kV, was used to obtain HRTEM images
as well as C K-edge electron energy loss spectroscopy.

Confocal Fluorescence Microscopy and Spectroscopy. A
custom-built scanning confocal fluorescence microscope with a high
numerical aperture (NA) objective lens (100X magnification, NA =
0.9) operating at room temperature was used (see diagram of the
instrument setup in Section I in the SI). A tunable and pulsed (20 ps
pulse width) white light laser (SuperK Extreme, NKT Photonics,
Denmark) was used as a light source. Avalanche photodiodes (SPCM-
AQRH-14, Excelitas Technologies, USA) were employed for imaging,
and a spectrometer (Princeton Instruments, SpectraPro with a PIXIS
CCD camera) to obtain fluorescence spectra. A correlator card
(TimeHarp 260, Picoquant, Germany) was used to obtain time-
resolved direct fluorescence decay traces. The fluorescence signal was
separated from the 520 nm excitation beam using a 532 nm dichroic
and long-pass optical filter (both Semrock, USA). Images were
acquired using a piezo scanning stage (PInanoXYZ, PhysikInstru-
mente, Germany). Another in-house software written in MatLab was
used to extract particle PL intensity data from PL maps.

Correlation of PL and TEM Data. To match the 3 orders of
magnitude difference in the fields of view of PL and TEM, 1521 (39 X
39) individual TEM images covering the same region of interest were
acquired to produce a BF-TEM montage map, which can be
correlated with the PL map. Correlation of the PL and TEM image
data mandated corrections to both the PL map and the TEM montage
image in order to achieve an accuracy of better than 1 nm. The main
corrections involved were as follows: residual skew correction of TEM
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images, anisotropic scaling of the PL map, image translation, and
rotation to match the two images. A detailed schematic can be found
in the SI. After the one-to-one TEMPL correlation is established, the
corresponding single-particle size and shape information and PL
intensity information are integrated.

Simulations of PL Signals in Theoretical Calculation. In the
simulations, we assumed disc-shaped 100 nm diameter particles with
thicknesses ranging from 10 to 100 nm, containing uniformly
distributed NV centers. The diamond particles and the silicon nitride
substrate were modeled as lossless dielectrics with constant refractive
indices n4 = 2.417 and ng = 2.046. The particles were surrounded by a
spherical perfectly matched layer with a radius 4, and thickness 1,/3,
where 4, is the vacuum wavelength (520 nm for incident light and
638 nm for detected light, the latter corresponding to a negatively
charged NV center). An extra fine mesh, calibrated for general
physics, was used throughout.

Here, each NV center is approximated as a dipole that can undergo
excitation by photon absorption and radiative decay by photon
emission. A circularly polarized plane wave, incident from above, was
sampled within the particle at points representing defects occupying
equal particle volumes. At each of these points, the electron fields for
the excitation (associated with the 520 nm ingoing plane wave) and
detected radiative decays (associated with the 638 nm outgoing plane
wave boundary condition) were calculated for the PL signal
simulation. Calculations of the above electric fields were performed
in the frequency domain by using the Comsol Multiphysics RF
Module.

Calculations for diamond particles supported by a bulk Si;N,
substrate were also performed; more details of simulation and results
can be found in the SI.
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