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The near-field effect between a gold tip and the NV center can be used for 3D localization of individual NV center.

Public summary

m In this study, we use the near-field quenching effect of the tip to achieve three-dimensional super-resolution localization
of the near-surface NV center.

m The super-resolution technique based on near-field quenching has the advantages of real-space imaging, fast imaging
speed, and three-dimensional super-resolution.

m This approach can easily be combined with nanomechanical or electrical operations on NV centers.
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Abstract: This work presents a method for the three-dimensional localization of individual shallow NV center in diamond,
leveraging the near-field quenching effect of a gold tip. Our experimental setup involves the use of an atomic force micro-
scope to precisely move the gold tip close to the NV center, while simultaneously employing a home-made confocal mi-
croscope to monitor the fluorescence of the NV center. This approach allows for lateral super-resolution, achieving a full
width at half maximum (FWHM) of 38.0 nm and a location uncertainty of 0.7 nm. Additionally, we show the potential of
this method for determining the depth of the NV centers. We also attempt to determine the depth of the NV centers in com-
bination with finite-difference time-domain (FDTD) simulations. Compared to other depth determination methods, this ap-
proach allows for simultaneous lateral and longitudinal localization of individual NV centers, and holds promise for facilit-

ating manipulation of the local environment surrounding the NV center.

Keywords: NV center; super-resolution localization; atom force microscopy
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1 Introduction

The nitrogen-vacancy (NV) center in diamond has been
widely applied in quantum sensing, such as electric and mag-
netic field imaging and sensing! ), stress and temperature de-
tection' ), and quantum information processing”. In these
applications, achieving three-dimensional localization of the
NV center at the nanoscale is a crucial requirement. And
many efforts have been devoted to the localization of NV cen-
ters, such as super-resolution optical imaging”'?, magnetic
resonance detection under a gradient magnetic field"* "), and
near-field optical imaging assisted by atomic force micro-
scopy (AFM)!"o",

Among these methods, techniques based on AFM assist-
ance can accurately obtain NV center position information
using the diamond morphology as a reference, which is con-
ducive to further experimental research on the diamond sur-
face. In our previous work, we demonstrated the two-
dimensional localization of the NV center in the diamond
with nanometer precision using an atomic force microscopy
combined confocal optical system'. However, the localiza-
tion of the individual NV center in the depth direction based
on AFM has not been achieved yet.

Methods for determining the depth of NV centers, such as
the NMR technique, have limitations in the very shallow
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individual NV center due to the instability of their optical
and/or spin properties!”. As for the FRET technique, this
method requires using the NV center as a scanning probe,
with specific requirements for the sample and usage
scenario!”. In conclusion, near-field tip-assisted technique
can be an easy way to determine the position of the individu-
al shallow NV center precisely, which is useful for quantum
applications of NV center** .

In this study, we present a method for the three-
dimensional localization of the near-surface NV center in dia-
mond, based on the near-field quenching effect of a gold tip.
Utilizing the sensitivity of NV center fluorescence quenching
efficiency to distances from the tip, depth localization can be
achieved. Through the finite-difference time-domain (FDTD)
simulations, we establish a correlation between quenching ef-
ficiency and tip distance. And by characterizing the quench-
ing efficiency under tip interaction, we analyze of NV center
depths statistically.

2 Experiment setup and protocols

As shown in Fig. la, the near-field effect of a metal nano-
particle can significantly quench a fluorescent molecule, and
the quenching efficiency is very sensitive to distance within a
few tens of nanometers. We can utilize the sensitivity of the
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Fig. 1. Experimental theory and setup diagrams. (a) Quenching efficiency of a metal nanoparticle for a fluorescent molecule. Reproduced with permis-
sion from Ref. [23]. Copyright 2013, American Chemical Society. (b) Schematic diagram of the experimental setup. The left part shows an AFM canti-
lever (yellow) shaking above an NV center (red) in diamond (light blue); the middle part shows the phase-locked fluorescence readout process; the right
part shows the fluorescence image obtained by scanning the sample stage at different tip heights. (c) Schematic diagram of the lateral fluorescence image
of an individual NV center with and without a near-field gold tip. The dashed box in the left image corresponds to the two-dimensional fluorescence
image at /o in (b). (d) Schematic diagram of the longitudinal section of the NV center fluorescence with and without a gold tip. The dashed box on the
left corresponds to the central point (x = 0) of the fluorescence image from hy to /. in (b). The scale bars in (c) and (d) represent 100 nm.

near-field quenching effect of a gold tip to locate the indi-
vidual NV center precisely.

According to the principles described above, we construct
an AFM-confocal platform refer to previous work. The
AFM is used to manipulate a gold tip approaching to the NV
center, and the home-built confocal microscope is employed
to monitor the fluorescence intensity. In this experiment, the
AFM works in the tapping mode, and the oscillation of the
cantilever is sinusoidal. As shown in Fig. 1b, to selectively
collect fluorescence from NV centers at different tip heights,
we employ the phase-locked fluorescence readout technique.
This method utilizes periodic square-wave pulses synchron-
ized with the probe vibration as a counter gate to control the
fluorescence readout. By adjusting the relative phase between
the square-wave pulse and the probe vibration, we can cap-
ture the fluorescence response from NV centers at varying tip
heights. The width of the square-wave pulse defines the time
window for fluorescence collection, and in this experiment,
we choose a readout window size of 1/10 of the probe vibra-
tion period. Combined with the AFM sample scanner, we can
collect the fluorescence of the NV center when the tip is at
any relative tip-NV center position. Fig. Ic and d shows a
comparative illustration of the resolution of the NV center
with and without a gold tip.

In this experiment, we utilize the diamond chip whose sur-
face is etched to form the nano-pillar to improve fluorescence
collection efficiency. Nitrogen ions are selectively implanted
into each nano-pillar to create NV centers by self-aligned
technique®’. Here, we chose a commercial gold-coated probe
(PPP-NCHAu-10, NanoSensor) for the experiment, which is
the common metal-coated probe. The cantilever oscillation
amplitude is 57.3 nm, and the frequency is 270.5 kHz.
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3 Experiment results

Based on the setup shown in Fig. 1b, we try the lateral super-
resolution and depth determination experiment. The objective
lens is pre-aligned refer to the previous work!. During the
lateral experiment, we tuned the counter gate to count at the
closest tip-surface distance, and the AFM sample stage is
scanning. During the depth determination experiment, we use
the lateral super-resolution result to move the AFM scanner,
aiming to align tip and NV center laterally.

Firstly, we achieve the lateral super-resolution for the NV
center. Fig. 2a shows the lateral super-resolution image of an
individual NV center using a gold tip. Compared with the non-
tip confocal image with an FWHM of 701 nm and a location
uncertainty of 6 nm, the gold tip-assisted image shows superi-
or performance. The super-resolution image assisted by the
Au tip achieves an FWHM of 38.0 nm and a location uncer-
tainty of 0.7 nm, as depicted in Fig. 2c.

According to the lateral super-resolution results, we can
position the tip precisely above the NV center with nanomet-
er accuracy. Then we can try depth localization of the NV
center. Fig. 3a shows the fluorescence counts of the NV cen-
ter versus the tip-surface distance when the tip is exactly
above the NV center. Here, we use quenching efficiency
E,,=1-Fy/F, to serve as a parameter for characterizing
quenching capability™, where Fy;, is the fluorescence counts
of NV center with a near-field gold tip, F, is the reference
fluorescence counts of NV center without a gold tip. Fig. 3a
shows that the quenching efficiency of the NV center is
highly dependent on the tip-surface distance when it is less
than 50 nm, which can be used for precise depth determina-
tion of the shallow NV center.
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Fig. 2. Lateral super-resolution imaging based on the near-field quenching effect of the gold tip. (a) Two-dimensional confocal fluorescence image of an
individual NV center without a gold tip. (b) Line profile along the red line in (a). The red dots represent the experimental fluorescence counts, and the
black solid line is the corresponding Gaussian fitting curve. (¢) Two-dimensional confocal fluorescence image of the NV center with a gold tip. (d) Line
profile along the red line in (c). The red dots represent the experimental fluorescence counts, and the black solid line is the corresponding Gaussian fit-
ting curve. The counts of (b) and (d) can be expressed as F(r) = Ae 012" L ¢ 1 is the lateral position, and F(r) is the corresponding counts. ro, 4, C,
and o are fitting parameters, and FWHM = 2v2In20". The location uncertainty is double the standard deviation of the fitting estimate ro (k=2, 95% confid-
ence interval).
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Fig. 3. Depth determination for NV center based on the quenching effect of the gold tip. (a) Fluorescence and contrast of an individual NV center versus
the tip-surface distance (experimental result). (b) The quenching efficiency as a function of the NV center depth when the tip is closest to the surface
(simulated result). The red solid dots represent the results obtained from FDTD simulations; the blue solid line represents the quantitative relationship ob-
tained by fitting using Eq. (1); the fitted result is Epe, = 1/(0.914+0.017dxy +0.0026d%,,). (¢) Histogram of the depth distribution of 26 NV centers obtained
from experiment results. The black solid line is the corresponding Gaussian fitting curve.
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To determine the depth of the NV center, we use the FDTD
simulation to build the relationship between the quenching ef-
ficiency and the depth of the NV center when the tip touches
the diamond surface above the NV center. In the simulation,
the tip-surface distance is 2 nm, considering the surface
roughness of the diamond and the average distance in the
readout window. The quenching efficiency Ep,, is monitored
with various depths of the NV center in simulations. The sim-
ulation results are depicted in Fig. 3b, and the relationship
between the quenching efficiency and the depth of the NV
center is numerically simplified to the expression:

1

Ep=—
T atadey+ adyy '

(D
where a,,a,,a, are fitting parameters, and dyy is the depth of
NV center. Thus, we give a quantitative formula to describe
the relationship between Ep,, and dyy. The depth of the NV in
Fig. 3a is 14.1 nm = 0.2 nm with a quenching efficiency of
60.0% when the tip touches the diamond surface.

Finally, we measure the depth of 26 individual NV centers
using a gold tip to check the reliability of this method. Fig. 4c
shows the histogram of the depth of NV centers obtained
from the experiment. It shows that under 15 keV "N ion im-
plantation, the generation of NV centers has a distribution
with a center depth of 13.7 nm and an FWHM of 5.5 nm. The
stopping and range of ions in matter (SRIM) Monte-Carlo
simulation of “Nj implanted into diamond with a kinetic en-
ergy of 15 keV predicts that the distribution of nitrogen atoms
has a projected range of 11 nm and a longitudinal straggling
of 4.1 nm. The depth of individual NV centers is slightly lar-
ger than SRIM simulation probably because SRIM does not
take crystallographic effects such as ion channeling into
consideration!**"*],
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4 Discussion

In this section, we will discuss two main issues that arise dur-
ing the experiment.

First, the state of the tip changes during scanning; this will
affect the quenching efficiency and thus the accuracy of depth
determination. As shown in Fig. 4a—c, after a long time ex-
periment, the quenching efficiency for the same NV center
decreased from 56.2% to 24.7%. To ensure the reliability of
the experimental results, we need to improve the experiment-
al procedure to maintain the integrity and cleanliness of the
tip. Or, we can use a standard sample to calibrate the coeffi-
cients in Eq. (1) in advance.

Second, we chose a gold tip instead of a silicon tip for our
three-dimensional super-resolution localization experiments.
Previous studies utilized silicon as the tip material for achiev-
ing high resolution'®. However, as depicted in Fig. 4d—f, we
observed that the quenching effect of the silicon tip is inferi-
or to that of the gold tip. To obtain a better signal-to-noise
ratio, we chose to use a gold tip for super-resolution localiza-
tion of NV centers.

5 Conclusions

In this work, we present a new method to determine the three-
dimensional location of the shallow individual NV center
using a gold tip based on the near-field quenching effect.
First, we achieve lateral super-resolution with an FWHM of
38.0 nm and a location uncertainty of 0.7 nm. Compared with
a silicon tip, a gold tip is advantageous for lateral positioning.
Then we demonstrate the depth determination of the shallow
NV center based on the high sensitivity of the near-field ef-
fect. The results show that the generation of NV center has a
center depth of 13.7 nm and an FWHM of 5.5 nm.
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Fig. 4. The impact of the tip condition and material on super-resolution performance. (a) Lateral super-resolution image of the NV center before a long-
term experiment. Scale bar: 24 nm. (b) Lateral super-resolution image of the same NV center with (a) after long-term experiment. Scale bar: 24 nm. (c)
Comparison of lateral super-resolution results of the same NV center before and after long-term experiment. Green solid points and black solid line rep-
resent fluorescence counts along the green line in (a) and the corresponding Gaussian fitting curve; red solid points and the blue solid line represent fluor-
escence counts along the green line in (b) and the corresponding Gaussian fitting curve. (d) Lateral super-resolution image of the NV center assisted by a
gold tip. Scale bar: 20 nm. (e) Lateral super-resolution image of the same NV center with (d) assisted by a silicon tip. Scale bar: 40 nm. (f) Comparison of
lateral super-resolution results of the NV center assisted by different tips. Green solid points and black solid line represent fluorescence counts along the
green line in (e) and the corresponding Gaussian fitting curve; red solid points and the blue solid line represent fluorescence counts along the green line in

(d) and the corresponding Gaussian fitting curve.
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