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Abstract: In this paper, we show super-resolving single nitrogen vacancy
(NV) centers with a sub-20 nanometer resolution in a wide-field
localization microscope based on the discovery of photoluminescence
blinking in high-pressure high-temperature nanodiamonds (NDs). The
photon statistics reveals that NDs containing not only single but also
multiple NV centers show photoluminescence blinking. The combination of
an atomic force microscope and an optical localization microscope built on
the blinking feature enables the optically resolved two NV centers within
single NDs for the first time. Our method establishes new avenues for
studying nanoscale photon dynamics associated with single NV centers
within NDs together with ND-based ultra-sensitive bioimaging devices.
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1. Introduction

Photoluminescent nitrogen vacancy (NV) centers in diamond, due to the possibility of
coherent manipulation of their ground state electron spin, have considerable potentials for
applications to engineered photonic systems such as nanoscale magnetic sensors and
magnetic resonance imaging with single electron and nuclear spin sensitivity [1, 2]. NV
centers in nanodiamonds (NDs) [3] offer a new bottom-up approach to develop nanophotonic
systems [4, 5], however, the optical detection and control of nanometrically distributed single
NV centers within NDs are limited by the diffraction barrier of far-field optics (~200 nm).
Although the photostability of NV centers in bulk diamond has enabled the implementation of
stimulated emission depletion (STED) microscopy with a resolution of 6 nm [6], the
demonstrated resolution in NDs has never exceeded their sizes [7, 8], which is possibly
attributed to the dielectric antenna effect [9]. Thus, multiple NV centers embedded in single
NDs have never been optically resolved. Furthermore, the sequential scanning leads to slow
frame rates, preventing live cell imaging and any dynamic process imaging to be conducted.
On the other hand, photoactivation localization microscopy (PALM) [10] and stochastic
optical reconstruction microscopy (STORM) [11] enable the fast and super-resolved
imaging/localization of single emitters, provided that their photoluminescence can be
temporally switched on and off [12, 13]. Despite that the use of microwave probing has
produced a mechanism for switching the photoluminescence enabling super-resolved imaging
of NDs [14], this method with the intrinsic poor signal-noise-ratio (SNR) associated to the
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optically detected spins has not allowed for the optical revolving of single NV centers within
single NDs and further limited its wide-spread applications. Although the recent discovery of
photoluminescence blinking of NV centers within NDs [15, 16] provides an alternative
switching mechanism with sufficient SNRs, the blinking photon statistics associated with
single NV centers within single NDs is yet to be determined prior to their application in a
super-resolved localization microscope.

In this paper, we exploit the stochastic photoluminescence blinking of single NV centers
within high-pressure high-temperature (HPHT) irradiated NDs using a localization
microscope. The study of the photon statistics reveals that NDs containing not only single but
also multiple NV centers show photoluminescence blinking. The stochastic
photoluminescence on-off switching of NV centers and the associated non-bleaching property
enable the reconstruction of a super-resolved image with sub-20 nm resolution. Consequently,
optically resolved quantum dynamics of two or more NV centers within single NDs beyond
their size limitation becomes possible for the first time.

2. Photon statistics of blinking NV centers

The scheme of super-resolving single NV centers within single NDs based on the
photoluminescence blinking is illustrated in Fig. 1. The wide-field imaging of randomly
distributed NDs emitting at different time sequences is illustrated in Figs. 1(a)-1(d). Analysis
of images of NDs exhibiting stochastic photoluminescence blinking and subsequent
determination of the centroids of emitters are used to reconstruct a nanometrically resolved
image, as shown in Fig. 1(e).

Time-sequential wide-field imaging |
Fig. 1. Super-resolving single NV centers within HPHT NDs through a wide-field localization
microscope. (a), A wide-field optical microscope image of HPHT NDs. The inset shows a
scanning electron microscope (SEM) image of a typical sized HPHT ND indicated by the
dashed square. (b-d), Schematic illustration of stochastic photoluminescence blinking images
of nanometrically distributed HPHT NDs at three different time sequences. The blinking NDs
indicated by the dashed circles are recorded at different time sequences and reconstructed by a
home-made algorithm. (e), Super-resolution reconstructed image. The inset shows the zoomed-
in view of the reconstructed image of the same area in the SEM image. The scale bars in (a)
and (e) are 1 pm and those in insets are 200 nm.

The commercial HPHT 100 nm NDs containing multiple NV centers per ND [3], were
centrifuged at the speed of 14,000 rpm for 10 minutes. Sonication procedures were also used
to de-agglomerate the NDs in MilliQ solution. All the NDs were drop on oxygen asher
plasma cleaned borosilicate cover slips and dried in air. The cover slips were marked using
laser writing to characterize the same area of the sample with different methods such as wide-
field localization microscopy, confocal microcopy and atomic force microscopy (AFM).
Oxidation at 450°C for 2 h was used to further remove the residual graphitic layer on the
surface of the NDs or other non-diamond material from the cover glass. Further oxidation at
600°C for 30 minutes was performed to reduce the size of the NDs after deposition and to
increase the number of blinking diamonds. Initially, the percentage of photoluminescent NDs
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that exhibited blinking in a wide-field image of 25 by 25 pum was typically less than 5%.
However, after post-processing the size of the NDs reduced to approximately 75 nm or less,
where the percentage of photoluminescent blinking NDs increased to over 40% [15]. It has
been noticed that the observation of 10% NDs exhibiting blinking was recently reported
through a similar approach [16].

To explore the photoluminescence blinking, we performed time-sequential wide-field
imaging using a laser beam at the wavelength of 561 nm and an energy fluence of 140-530
KW/cm® for excitation. An oil immersion objective with numerical aperture (NA) of 1.4 and
magnification of 100 times was used to excite and collect the photoluminescence from NDs.
An ultra-steep edge long pass filter at the wavelength of 593 nm, and notch filters were used
to stop the residual laser beam and select the emission of NV centers. Wide-field images at a
duration of 30 ms were sequentially acquired using a cooled EMCCD camera (Andor, iXon
X3 897) at — 80°C.
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Fig. 2. Photoluminescence blinking behavior of HPHT NDs. (a)-(d), A typical stack of the
time-sequential images of HPHT NDs showing photoluminescence blinking. (e), Emission
spectrum of a blinking NV center within HPHT NDs as indicated by the dashed circle.
Photoluminescence intensity trajectory (f) and histogram of intensity counts (g) of a blinking

NV center within HPHT NDs. On-time P(7, ) (h) and off-time P(z ) (i) probability of

occurrence plots against the time durations.

A typical stack of the time-sequential photoluminescence images of post-processed NDs
is displayed in Figs. 2(a)-2(d). The measured emission spectrum unambiguously confirms the
origin of the observed photoluminescence blinking from NV centers within a ND, where the
two charge stages, NV, with a zero-phonon line at the wavelength of 575 nm (2.156 eV) and
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NV, with a zero-phonon line at the wavelength of 637 nm (1.945 eV) can be distinctly
identified in Fig. 2(e).

In order to retrieve on/off time durations, a histogram of photon counts per time bin was
evaluated by using the photoluminescence trajectories of the blinking NDs. Analysis of these
trajectories revealed that for the most part a simple two-state blinking behavior was observed,
consistent with the previous observation of photoluminescence intermittence of NV centers in
5 nm sized detonation NDs [17]. For a comparison, the photoluminescence trajectories of
detonation NDs were with less distinguishable on/off blinking contrast showing broad two-
state distributions. In contrast, HPHT NDs exhibit two clearly separated distributions in Figs.
2(f) and 2(g), corresponding to the photoluminescence on and off states. The off-state was at
the level of the background signal.
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Fig. 3. Collective photoluminescence blinking of NV centers within single NDs. (a), AFM
image of the photoluminescence blinking NDs. The scale bar is 1 um. The color squares
indicate the blinking NDs containing single (blue), two (green) and three (red) NV centers.

Second-order correlation function g () of single (b), two (d) and three (f) NV centers and

corresponding histogram of photon counts showing two-state (c), three-state (¢) and four-state
(g) distributions, respectively. The insets schematically show the possible coupling states of
multiple NV centers when located in the close proximity. (h) Statistic distribution of the size of
single NDs containing 1 or 2 NVs.

By collecting all on/off time durations in a single trace, the corresponding probability of
occurrence P(7,,,,) can be calculated as [18]

_mun off
P(Ton/o[f) = Ton/oﬂ /” (1)

Figures 2(h) and 2(i) display the on-time P(z,,) and off-time P(z,,) probability of
occurrence plots against the time durations on a logarithmic scale, respectively. The linear fits

with m,, =13 and m, =12 reveal that the blinking behavior of NV centers follows a

distinct power-law distribution. The values calculated here are comparable to those predicated
by the typical power-law range of 1 to 2 for semiconductor quantum dots [19]. Therefore, it is
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reasonable to point out that the power-law behavior in Eq. (1) indicates that the mechanism of
photoluminescence blinking of NV centers may be ascribed to electron tunneling [18,20,21].
The spectral diffusion of NV centers in bulk and NDs which was recently ascribed to a photo-
conversion process between a bright (very likely the negative charge state) and a dark (very
likely the neutral charge state) state [22, 23], is less likely to be the only mechanism of the
observed photoluminescence blinking. A possible dark state out of the spectral window of
NV, associated to the yet unobserved NV*, could be a cause of this blinking behavior [24].
Another effect, which most likely occurs in NDs, could be a shift of the Fermi level with
respect to the charge transition level of the center, corresponding to the energy level at which
the NV center takes up or losses an electron. This can be induced by surface charges and/or
surface termination that could be more evident once the NDs size reduces or other defects like
nitrogen are in the close proximity of the NV centers.

The photon statistics reveals that NDs containing not only single but also multiple NV
centers exhibit photoluminescence blinking. The photon statistics from single NDs exhibiting
photoluminescence blinking was determined through AFM in conjunction with a home-built
confocal microscope using the Hanbury Brown-Twiss (HBT) interferometer. The normalized
second-order temporal correlation function g (7) at the zero delay time gave an indication
of the number of emitters in a particular nanocrystal [25]. Figure 3 shows the second-order
correlation function g'”(7) of single blinking NDs as well as their corresponding histograms

of the photon counts indicating the combination states of the collective blinking. The
photoluminescence blinking of NV centers originating from single NDs was confirmed in the
AFM image indicated by the squares, as shown in Fig. 3(a). In Figs. 3(b) and 3(c),
2”(0) < 0.5 indicates a single NV center within the ND, where a clearly separated two-state
distribution was observed. In Figs. 3(d) and 3(e), two NV centers were identified by
2”(0)=0.5, where a three-state distribution can be seen from the histogram of photon

counts representing the off-state (I0) and one (I1) or two (I2) NV centers in the
photoluminescence on-state, as schematically illustrated in the inset. A more complicated
four-state distribution corresponding to the off-state (I0) and one (I1) or two (I12) or three (I3)
NV centers in the photoluminescence on-state can be seen from the ND containing three NV
centers, where g”(0)=0.7 in Figs. 3(f) and 3(g). In addition, we correlated the photon
statistics with the size of the blinking nanocrystals using the images acquired from the AFM.
We confirmed that most of the blinking NDs containing 2 NVs (g'”(0)=0.5) have an

average size of 75 nm, as shown in Fig. 3(h). Smaller NDs with a typical size of 50 = 5 nm
containing single NV centers were also observed, although with a less frequent distribution.

For most of their blinking duration, single NV centers spend approximately 50% of their
time duration in the on-state and the other 50% in the off-state or dark state, where a typical
example is shown in Fig. 3(c). In the case where more than two NV centers are located in
close proximity within single NDs, the photoluminescence blinking statistics reveal a
gradually transition to the on-state, where the on-state probability dominates over the off-
state, implying a possible coupling between adjacent NV centers upon excitation. The
collective photoluminescence blinking dynamics of multiple NV centers located in the
diffraction limited region, which are not accessible by existing super-resolution methods, can
now be clearly unveiled by our localization microscope.

3. Super-resolving single NV centers within single NDs

The localization microscope built on the stochastic photoluminescence on/off contrast opens
the possibility of super-resolving single NV centers within single NDs to circumvent the
diffraction barrier. The centroids of blinking NV centers were recorded at different time
sequences and reconstructed for a super-resolved image with the localization precision
determined by the number of photons collected. Unlike the fluorescent dye molecules which
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show bleaching up to several tens of photoactivation cycles, NV centers with robust
photostability at the highest irradiance fluence in our experimental condition enables more
than 100 blinking cycles without bleaching. With a sufficiently large number of photons
collected, the background noise becomes negligible and the error of the localization (o ) of
the centroids can be expressed as [26]

o=(s>+a*/12)/ N ©)

where s is the standard deviation of the point-spread function, a is the pixel size in the image
and N is the total number of photons collected. The localization microscopy based on the high
quantum yield and non-bleaching properties of NV centers enables an unprecedentedly high
precision up to an atomic level, as shown in Fig. 4(a). The system drift was corrected by using
a home-developed algorithm [27], which led to the measured accuracy of 12 nm (Figs. 4(b)
and 4(c)). The discrepancy between the theoretical prediction and the measured accuracy is
most likely attributed to the imperfect correction of the stage drift and focus shift during the
measurement.
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Fig. 4. (a) The localization accuracy as a function of the irradiance fluence. The blue squares
represent the photons collected over a duration of 30 ms from a single NV center. The red
circles represent the localization accuracy calculated using Eq. (2). The centroids of the
fluorescence signals before (b) and after (c) system drift correction.
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Fig. 5. Optically resolved single NV centers within a single ND. Comparison between wide-
field image (a) and reconstructed super-resolution image (b) of NV centers within HPHT NDs.
(c), The cross section plots of the same area in the wide-field image (purple) and super-
resolution image (red) show that two NV centers with a separation of 20 nm can now be
optically resolved. (d), The zoomed-in view of the cross section in the super-resolution image.
The inset schematically illustrates two NV centers located within a single ND with a separation
of 20 nm. The scale bar is 200 nm.
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With an accuracy better than 12 nm in our approach, super-resolving single NV centers
within single 75 nm sized NDs becomes possible for the first time. 2000 time-sequential
images with a 30 ms duration for each image were analyzed to optically resolve two proximal
NV centers within single NDs determined by the AFM image and the photon statistics.
Figures 5(a) to 5(d) show the comparison of a wide-field image with the super-resolution
reconstructed image. Indeed, our results can clearly resolve two NV centers embedded within
a single ND with a separation of 20 nm for the first time.

L

Fig. 6. Geometrical optical illustration of imaging a NV located at position A within the ND
into a virtual image at position A, by a spherical shaped ND with a diameter of d.

As the high refractive-index dielectric environment in NDs may form a solid immersion
lens and result in a virtual image of emitters, the observed 20 nm separation may not reflect
the physical separation between the two NVs. The magnification of the virtual image is
strongly dependent on the shape of the ND as well as the location of the NV. For the
simplicity, Fig. 6 illustrates the formation of the virtual image of a NV located at a
position (h,w) with respect to the center of a spherical shaped ND. Based on the

approximation of geometrical optics, the magnification is approximately proportional to the
square refractive-index of the lens [28]. The observed 20 nm separation indicates a possible
physical separation of ~3.5 nm between the two NV centers.

4. Conclusion

We have shown super-resolving single NV centers within NDs with a sub-20 nanometer
resolution in a wide-field localization microscope based on the photoluminescence blinking.
The combination of an AFM and a localization microscope has enabled two NV centers
embedded within single ND to be super-resolved for the first time. In addition, it reveals a
collective blinking effect between NV centers located in nanometric distances. Our work
opens a new avenue for studying intrinsic quantum interaction of single NV centers within
single NDs associated with a nanoscale environment, which constitutes a viable method to
further advance nanoscopy based on the blinking behavior of NV centers and holds enormous
potentials in the application for super-resolution imaging in life sciences [29]. Finally,
combining these results with the microwave excitation could provide an alternative image
contrast for future magnetometry and biological imaging.
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