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Abstract: Color centers in hexagonal boron nitride (hBN)
are promising candidates as quantum light sources for
future technologies. In this work, we utilize a scattering-type
near-field optical microscope (s-SNOM) to study the photo-
luminescence (PL) emission characteristics of such quan-
tum emitters in metalorganic vapor phase epitaxy grown
hBN. On the one hand, we demonstrate direct near-field
optical excitation and emission through interaction with the
nanofocus of the tip resulting in a subdiffraction limited
tip-enhanced PL hotspot. On the other hand, we show that
indirect excitation and emission via scattering from the
tip significantly increases the recorded PL intensity. This
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demonstrates that the tip-assisted PL (TAPL) process effi-
ciently guides the generated light to the detector. We apply
the TAPL method to map the in-plane dipole orientations of
the hBN color centers on the nanoscale. This work promotes
the widely available s-SNOM approach to applications in
the quantum domain including characterization and optical
control.
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1 Introduction

Color centers in hexagonal boron nitride (hBN) have
emerged as important quantum light sources due to their
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stable and bright single-photon emission at room temper-
ature [1]-[4] as well as their compatibility with photonic
and electronic technologies [5]-[9]. Due to these properties,
they are promising candidates for applications in quantum
communication, quantum computation, and sensing tech-
nologies, making the understanding and manipulation of
their properties crucial.

Scattering-type near-field optical microscopy (s-SNOM)
isan advanced imaging technique that surpasses the diffrac-
tion limit, facilitating optical measurements down to the
nanoscale [10], [11]. Utilizing sharp metallic tips of an atomic
force microscope (AFM), s-SNOM not only provides topo-
graphical data but also yields optical contrasts of local mate-
rial properties [12]. Techniques such as tip-enhanced Raman
spectroscopy (TERS) [5]-[13] and photoluminescence (TEPL)
spectroscopy [18]-[22] complement s-SNOM [23]-[25] and
areideal for examining the unique photophysical properties
of single-photon emitters (SPEs). For example, TEPL has
been used to study the emission properties of individual
hBN emitters [26], [27]. Specially designed tips with resonant
plasmonic particles have also been applied to study single
molecules [28]-[31] and quantum dots [32], [33].

2 Results

In this study, we examine the dipole emission characteristics
of color centers embedded in 30 nm thick hBN layers grown
by metalorganic vapor phase epitaxy [34]-[37] (MOVPE; see
supplementary material (SM) Sec. S1 for details). The layers
are grown on sapphire and transferred onto a gold sub-
strate [38]. Our investigation utilizes a scattering-type near-
field optical microscope (neaSCOPE from neaspec/attocube)
employing a standard metallized AFM tip (Arrow-NCPt
sourced from NanoWorld) illuminated by monochromatic
laser light. The tip acts as an optical antenna, transforming
the incident p-polarized [39] light into a highly focused near
field at the tip apex, the so-called nanofocus. The nanofo-
cus interacts with the sample leading to modified scatter-
ing from the tip and encoding local sample properties. In
conventional s-SNOM operation, the elastically scattered
light is recorded as function of sample position (note that
the sample is scanned), yielding near-field optical images
with a spatial resolution down to 10 nm [10], [11], [23], [25].
To supress background scattering, the AFM is operated in
tapping mode and the detector signal is demodulated at
a higher harmonic of the tip’s oscillation frequency [12].
Here, we use the s-SNOM instrument to study PL from
individual hBN color centers. To that end, the inelastically
tip-scattered light is recorded with a grating spectrometer
coupled to a CCD camera. Note that signal demodulation has
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not been possible with the use of a CCD camera so far. It may
be achieved employing a photomultiplier tube or similar
[40]. Importantly, our s-SNOM setup includes a high-quality,
silver-protected off-axis parabolic mirror with a numerical
aperture (NA) of 0.72, which optimizes the focusing and
collection efficiency of the optical system and is crucial for
the performed PL measurements.

2.1 Characterization of photoluminescence
mapping

In our specific experiments, we employ the near-field opti-
cal microscope in tapping mode, with low oscillation ampli-
tudes between 20 nm and 30 nm, to detect PL signals influ-
enced by the presence of the metallic AFM tip (a detailed
description of the measurement procedures is given in the
SM Sec. S2). Note that we use standard metallic AFM tips
(Arrow-NCPt sourced from NanoWorld). Throughout this
study, we use a 532 nm (2.33 eV) laser for the optical exci-
tation of the hBN color centers (examples with other wave-
lengths are given in the SM Sec. S3, Fig. S1).

Figure 1a presents a typical far-field PL image of a
single hBN color center recorded in the near-field optical
microscope without a tip. At each pixel a PL spectrum is
recorded and we integrate the intensity of the green shaded
area in Figure 1b. Note that we determine this area under
the peaks in practice by fitting as descriped in Ref. [4]. This
procedure is performed for all PL. maps shown in this work.
The black line in Figure 1b indicates the broad PL back-
ground homogeneously observed over the whole MOVPE
grown sample [41]. Figure 1a displays an elliptical maximum
in the PL map with extensions of roughly 1 pm X 4 pm. This
gives a benchmark for the optical resolution of the setup
without AFM tip. To confirm that the light emission stems
from a single color center, the corresponding PL spectrum is
depicted in Figure 1b, which shows the typical asymmetric
zero-phonon line (ZPL) and phonon sideband (PSB) charac-
teristics [4], [42]. Note that we did not analyze the statistical
properties of the light emission, since for our present study,
it is not of relevance whether single-photon or classical
emission is measured.

Notably, the PL map of the color center from Figure 1a
experiences a dramatic transformation when imaged with
a metallic AFM tip, as shown in Figure 1c (see also the
direct overlay of the two images in SM Fig. S2). Here, the
laser is focused on the tip generating the near-field nanofo-
cus on the size of the tip apex (typically around 30 nm).
Consequently, the sample is simultaneously excited via the
far-field focus and the localized near-field focus. The tip
is scanned over the sample and PL spectra are recorded
at each position (pixel). The PL map in Figure 1c reveals
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Figure 1: PL measurement of a single color center taken with an AFM tip. The images are shown with the same color bar for better comparison

of the observed PL intensities. (a) PL intensity map without the tip showing a diffraction limited emission spot. (b) PL spectrum of the studied emitter
recorded with an extended integration time inside the arc in (c). The zero-phonon line (ZPL) and optical phonon sidebands (PSBs) of 160 meV are
marked as well as the broad background PL (black line). (c) PL map of the same emitter with the AFM tip showing two subdiffraction limit features
marked as “dot” and “arc.” (d) Lineprofiles along the dashed lines in (a) in black and (c) in red (dark measurement, bright Gaussian fits). The fitted full
widths at half maximum (FWHM) are 110 nm (dot), 209 nm (arc), and 1,418 nm (w/o tip). (e) Schematic of the interference between direct and indirect
excitation/emission of the color center via the AFM tip (TAPL). Inset shows the nanofocus interaction at the location of the color center explaining

the dot (TEPL). (f) Analytical reproduction of the TAPL arc in (c) applying the model in (e).

two distinct features: (I) a circular symmetric emission
hotspot, which we will refer to as “dot,” and (II) a more
pronounced “arc” around the dot. It is important to note that
this specific dot+arc pattern is consistently observed across
many imaged hBN color centers (see detailed discussion in
SM Sec. S3). We will discuss the origins of the two features
(I: dot and II: arc) in the following paragraphs.

(D Origin of the dot structure: To quantify the spa-
tial resolution when recording PL maps with the AFM tip,
Figure 1d shows a line profile along the dashed line in (c)
(dark red) and a fit with two Gaussians on a tilted back-
ground (bright red). From this, we extract a full width at half
maximum (FWHM) of 110 nm for the dot, which is clearly
below the diffraction limit for far-field experiments. There-
fore, we identify the dot as a result of the direct near-field
interaction between the nanofocus at the tip apex and the
color center leading to TEPL. The inset of Figure 1e schemat-
ically illustrates this explanation. For reference, the black
line in Figure 1d shows a line profile along the dashed line
in Figure 1a (without AFM tip) and the Gaussian fit reveals a
FWHM of around 1,400 nm being the resolution in the setup
without tip.

(I1) Origin of the arc structure: The prominent arc struc-
ture has a diameter of around 1,000 nm and a FWHM cross

section of 209 nm (extracted from the line profile and fit
in Figure 1d). We can explain this feature by constructive
interference between direct beams to/from the color cen-
ter and those scattered from the AFM tip (indirect beam)
as sketched in Figure le. To distinguish this effect from
the near-field interaction leading to TEPL (dot), we call it
tip-assisted photoluminescence (TAPL). To verify our expla-
nation, we use a simple model to calculate the interfer-
ence depending on the tip location. Besides the interference
condition, the model includes an incidence/collection angle
and interference widths, described by Gaussian intensity
distributions, around this angle. We further take the NA of
the parabolic mirror for the focusing angle and the move-
ment of the color center with respect to the broadened focal
point into account. A detailed description of the analytic
interference model is given in SM Sec. S5, and the result for
the TAPL signal, i.e., the arc, is shown in Figure 1f. We find
an overall good agreement with the measurement and the
higher interference orders leading to the arc replicas (n =
2,3) show up in measurements with high optical powers
(see Figure 2). This handy description gives an alternative
explanation to the formation of standing surface waves
between tip and emitter, suggested in Ref. [43]. In our model,
the effect does not depend on the metallic surface of the
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Figure 2: Near-field scan of two different emitters (a, c), with line profiles
along the marked positions in (b, d). The measurement starts in the top
right corner and line scan run vertically ending in the bottom left corner.
Along the green scan line, the PL bleaches at the tip location

of the emitter (dashed vertical line).

substrate. Indeed, we find similar PL maps of emitters in
hBN transferred onto Si/SiO, substrates (see SM Fig. S1c).
Note, that the direct nanofocus interaction with the color
center resulting in the dot, i.e., TEPL, is not included in the
model.

To finish this initial characterization of our PL maps,
we come back to the experiment in Figure 1c and have a
closer look at the intensities of the TEPL and TAPL features,
dot and arc, respectively. Here and in all measurements,
we find that the TEPL intensity of the dot is significantly
weaker than the TAPL intensity of the arc. Thinking of the
term “enhanced” in TEPL, this low intensity in the dot might
appear counterintuitive. On the one hand, this could be
caused through quenching effects by the proximity of the
metallic AFM tip [27], [29]. On the other hand, the weak
intensity of the dot could stem from averaging of the PL
signal during the vertical tip movement in tapping mode.
The tip oscillates with an amplitude of 20 nm, and we aver-
age the PL signal for 0.5 s. Therefore, the TEPL signal only
contributes when the tip is in close proximity to the color
center and rapidly diminishes for higher tip positions owing
to the exponential distance dependence of the tip’s near
field. This results in a reduced time-averaged TEPL signal.
Conversely, the interference between the direct and indirect
beams in TAPL (arc) depends only weakly on the tip height,
thus contributing strongly to the overall PL signal during
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the whole tip oscillation cycle, resulting in the rather strong
TAPL signal of the arc.

Finally, we compare the recorded PL intensities with
and without the AFM tip. By spatially summing over the
collected light intensity in the PL map in Figure 1a without
tip and the PL map in Figure 1c with the tip (see SM Sec. S4
for details), we can estimate that we achieve an overall
sixfold increased efficiency in this example. Note that the
peak intensities differ by a factor of two (see Figure 1d). This
demonstrates that the interference effect in TAPL due to the
presence of the AFM tip contributes to the enhancement
via two effects: (A) The optical excitation of the color center
becomes more efficient and (B) the PL from the color center
is guided efficiently into the collection angle of the parabolic
mirror. Consequently, through this TAPL mapping, we can
identify sample locations where metal antennas can be posi-
tioned to help guiding light toward an absorption center and
guiding emitted light efficiently to a detector.

2.2 Demonstration of TEPL: bleaching
of color centers

It is known since the first studies on hBN color centers,
that optical excitation with too high intensities results in
bleaching of the emission [44]. In Figure 2, we use this fact to
demonstrate efficient optical driving through the nanofocus
at the tip apex, i.e.,, TEPL. We show PL maps taken with
an AFM tip of two emitters (a, ¢) with an increased optical
excitation power of 500 pW (150 pW is used for the other
measurements) and selected line profiles along the scan
direction of the AFM in (b, d) marked by the colored lines
in (a, ¢). The spectra are acquired in vertical lines starting
from the top right to the bottom left. For both color centers,
the emission bleaches almost entirely at exactly the position
where we expect their locations (dashed black line, posi-
tion of the dot). The line scan before reaching the emitter
(blue) covers the double peak structure of the arc and the
following scan after bleaching the emitter (red) is nearly
entirely flat. The green scan line across the emitter location
marked by the left end of the black dashed line still covers
the first maximum of the arc but does not show the second
one. Thisindicates that the emission gets bleached when the
near field of the tip directly interacts with the color center.
From the dot structure in the PL map of Figure 1c, we can
conclude that the emitter interacts with the nanofocus of the
tip and that the enhanced field at the tip apex leads to TEPL.
By increasing the laser power, both the far- and near-field
illumination of the emitter increase, eventually reaching its
bleaching threshold. Owing to the field enhancement at the
tip apex, the threshold is first surpassed when the emitter
comes into the near-field nanofocus below the tip apex.
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Since bleaching is an irreversible process, unlike quenching,
TAPL is observed only before (but not after) the emitter is
exposed to the nanofocus. Note, that in the TAPL situation,
i.e,, in absence of tip-emitter near-field interaction, the local
intensity acting on the emitter is still below the bleaching
threshold of the emitter and PL is detected.

2.3 Utilization of TAPL: in-plane dipole
emission mapping

Figure 3 displays a PL overview map taken with an AFM tip
spanning 6 pm X 6 pm with a pixel size of 50 nm. This map
captures several emission centers, each distinguished by the
characteristic arc. The same map with marked color center
locations according to the arcs is given in SM Fig. S5. Note
that the dot structure associated with TEPL is not visible
for every color center. One reason could be that the emitter
is located deep in the sample and cannot be reached with
the near-field nanofocus. The PL spectra of three exemplary
color centers recorded with long 5 s integration times are
plotted in Figure 3b and c. The most prominently visible
color center is located in the middle, which is the same as
studied in Figure 1. A corresponding AFM height profile is
available in SM Fig. S6. From this measurement, we cannot
identify a correlation between the morphology of the sam-
ple and the appearance of color centers. Note, that from the
variation in TAPL intensities, we cannot conclude different
overall brightnesses of the color centers. As we will show in
the following, the main reason is their variation in dipole
orientation with respect to the illumination direction.

(a) sample rot. 64° b) sample rot. 31°
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Figure 3: PL scan of serveral color centersina 6 pm X 6 pm area.

(a) Larger PL map with several emitters of different intensities and
slightly different arcs, the black arrow marks the illumination direction.
(b-d) PL spectra of color centers at the marked positions in the sample
with long integration times of 5 s to improve the signal-to-noise-ratio.
The spectrum in (c) is the same as in Figure 1b.

In the following, we demonstrate how the TAPL maxi-
mum can be utilized to determine the in-plane dipole ori-
entation of a single color center in hBN. By systematically
rotating the sample relative to the illumination direction,
we monitor changes in the same emitters’ brightness. The
respective AFM images from which we determine each rota-
tion angle are shown in SM Fig. S7. The color centers are
identified in each measurement by their location in the AFM
and PL images and their spectral shape/ZPL energy. For
each sample rotation, we record a PL map with the AFM tip
and analyzed the position and spectra of the arc from four
different color centers. For better comparability, we use the
same tip for the entire measurement series.

(e)

52° + 3°

Figure 4: Mapping of the dipole orientation
by sample rotation. (a-c) PL intensity maps
(integrated peak area from fit) for different
angles between illumination direction (violet
arrows) and sample orientation (red arrows).
(d) Polar plot of maximum PL intensities

in the arc as a function of sample rotation
(violet dots) with dipole fit (blue curve,

see SM Sec. S8). (e) Dipole emission patterns of
three other color centers in the same sample.

148° £ 2°

42° £ 10°
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In Figure 4a—c, we show three example PL maps of the
emitter from Figure 1c with different sample orientations,
i.e,, different illumination directions. The sample rotation
for each map is stated above, and the red arrows indicate
the dipole orientation (determined in Figure 4d) in relation
to the illumination (violet arrows).

We find that the overall integrated emitter’s TAPL inten-
sity of the arc strongly depends on the illumination direc-
tion (violet arrows), where (b) shows a large, (c) a medium,
and (a) a small intensity. Figure 4d displays the extracted
peak intensities inside the arc as a function of illumination
direction in a polar plot, where the violet dots (experimental
data) are fitted with a dipole pattern (blue). The plot reveals
a clear dipolar emission characteristic for the color center
with an orientation of 176° + 3°. The other studied color
centers in Figure 4e show different in-plane dipole orien-
tations with 52° + 3°, 148° + 2°, and 42° + 10°. We added
these dipole orientations to SM Fig. S5. The nonvanishing
intensity at orthogonal orientation between illumination
direction and color center dipole can be explained by the
emitter’s out-of-plane dipole component known from liter-
ature [45]-[47]. These results already demonstrate that this
method provides a reliable way to map hBN color centers
on the nanoscale and simultaneously gain insight in their
optical properties. However, to find quantitative correla-
tions between lattice orientation and emitter dipole, a larger
set of emitters needs to be investigated in single crystal
samples, which goes beyond the scope of this work. While
we clearly recognize the arc in all three examples in Figure
4a-c, also the intensity distribution within the arc varies
with the illumination angle. This could be related to the
dipole orientation with respect to the crystal lattice, but
again needs a dedicated systematic study on single crystal
samples. In addition, the TAPL signal could be altered by
details of the tip geometry (see Figure 1le and f). From the
perspective of positioning nanoantennas near emitters to
improve their excitation and PL (see end of Section 2.1), our
TAPL dipole mapping results demonstrate that the antenna
needs to be positioned aligned with the in-plane dipole ori-
entation of the source for maximum efficiency.

3 Conclusions

In this study, we have demonstrated the utility of a scatte-
ring-type near-field optical microscope (s-SNOM), operated
in tapping mode, for measuring the photoluminescence (PL)
emission of color centers in hBN. The presence of the stan-
dard metallic AFM tip has two effects on the PL maps of the
light emission centers. (I) The direct interaction between the
near-field nanofocus at the tip apex and the color center
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leads to a subdiffraction limited emission spot and tip-
enhanced PL (TEPL) at the location of the emitter. In the
future, demodulation of the PL signal could be employed
to isolate the TEPL signal from the PL background and
improve the spatial resolution [48], [49]. However, with the
current setup using a CCD camera this ist not possible.,
this limitation could be overcome by using a single-photon
counter/photomultiplier tube. (II) The far-field interference
between direct excitation/PL emission of the color center
and the beam that is scattered from the metal tip results
in a significant increase in detected PL intensity, which we
call tip-assisted PL (TAPL). This effect manifests in an arc PL
intensity around the color center and demonstrates that the
emission direction from the color center can be controlled
by the presence of the metal tip. Perspectively, this finding
can be used to guide single photons generated by nanos-
tructures via a metallic antenna. In addition, we have used
the TAPL signal to map the dipole orientation of hBN color
centers.

We note that the commercial s-SNOM setup used in
this work is not uniquely optimized for TEPL measurements
[27], [28], [30] but was originally designed for IR s-SNOM
and nano-FTIR measurements [10], [12], [50], [51]. Our imple-
mentation of TEPL and TAPL (possible due to the high NA
parabolic mirror), and the demonstration of novel func-
tionality in the form of dipole mapping, renders valuable
progress in the development of a s-SNOM operating with
multispectral and multimessenger nanoprobes [52].

While we used polycrystalline hBN grown by metalor-
ganic vapor-phase epitaxy (MOVPE), which supports a high
density of color centers, our technique can also be applied
to exfoliated hBN. This would allow to correlate the dipo-
lar emission direction with the crystallographic axes of the
material, potentially addressing the question of whether the
SPEs originate from defects [53], [54] or are molecule-related
[55]. In the latter case, no correlation between the lattice
orientation and the emission direction would be expected,
while real lattice defects should have a strong correlation.

Our introduced methodology opens new avenues for
understanding the underlying physics of color centers in
hBN and enhances the capabilities of nanoscale optical
microscopy. Perspective applications obviously include sub-
diffraction limit control of other quantum excitations in
semiconductors, e.g., excitons.

Acknowledgments: We thank Rudolf Bratschitsch and Stef-
fen Michaelis de Vasconcellos for providing access to their
confocal PL setup at the University of Minster.

Research funding: Ministerium fiir Innovation, Wis-
senschaft und Forschung des Landes Nordrhein-Westfalen:



DE GRUYTER

NRW-Riickkehrprogramm, Deutsche Forschungsge-
meinschaft (DFG) Grant no. 467576442. Grant CEX2020-
001038-M funded by MICIU/AEI/10.13039/501100011033
and Grant PID2021-1239490B-100 (NANOSPEC)
funded by MICIU/AEI/10.13039/501100011033 and by
ERDF/EU. Project PID2020-115221GA-C44 fundet by
MICIU/AEI/10.13039/501100011033. National Science Centre,
Poland, grants 2020/39/D/ST7/02811 and 2022/45/N/ST7/03355.
Author contributions: IN and AKH conducted the near-field
experiments. KK, IN, and PR optimized the experimental
setup. DW performed the simulations. IN, JOB, and RS per-
formed far-field PL measurements. AKD, KL, PT, JB, and
AW grew the hBN crystals and prepared the samples. MS
contributed to the model development. IN and DW analyzed
the data and prepared the figures. IN, DW, and RH wrote
the initial manuscript with input from all coauthors. All
authors discussed the results and approved the final version
of the manuscript. All authors have accepted responsibility
for the entire content of this manuscript and approved its
submission.

Conflict of interest: RH is a cofounder of neaspec GmbH,
now part of attocube systems AG, a company producing
scattering-type scanning near-field optical microscope sys-
tems, such as the one described in this article. The remain-
ing authors declare no competing interests.

Informed consent: Informed consent was obtained from all
individuals included in this study.

Data availability: The datasets generated during and/or
analyzed during the current study are available from the
corresponding author on reasonable request.

References

[11 T.T.Tran, K. Bray, M. . Ford, M. Toth, and I. Aharonovich,
“Quantum emission from hexagonal boron nitride monolayers,”
Nat. Nanotechnol., vol. 11, no. 1, pp. 37—41, 2016.

[2] T.T.Tran,etal., “Quantum emission from defects in
single-crystalline hexagonal boron nitride,” Phys. Rev. Appl., vol. 5,
no. 3, p. 034005, 2016.

[3]1 G. Grosso, et al., “Tunable and high-purity room temperature
single-photon emission from atomic defects in hexagonal boron
nitride,” Nat. Commun., vol. 8, no. 1, p. 705, 2017.

[4] D.Wigger, et al., “Phonon-assisted emission and absorption of
individual color centers in hexagonal boron nitride,” 2D Mater.,
vol. 6, no. 3, p. 035006, 2019.

[5] S.Kim, et al., “Photonic crystal cavities from hexagonal boron
nitride,” Nat. Commun., vol. 9, no. 1, p. 2623, 2018.

[6] S.Kim, et al., “Integrated on chip platform with quantum emitters
in layered materials,” Adv. Opt. Mater., vol. 7, no. 23, p. 1901132,
2019.

[71 A.W. Elshaari, et al., “Deterministic integration of hBN emitter in
silicon nitride photonic waveguide,” Adv. Quantum Technol., vol. 4,
no. 6, p. 2100032, 2021.

I. Niehues et al.: Nanoscale resolved PL of hBN color centers == 341

[8] C.Li, etal., “Integration of hBN quantum emitters in monolithically
fabricated waveguides,” ACS Photonics, vol. 8, no. 10,
pp. 2966 —2972, 2021.
[9] J.A.PreuR, et al., “Low-divergence hBN single-photon source with
a 3D-printed low-fluorescence elliptical polymer microlens,” Nano
Lett., vol. 23, no. 2, pp. 407—413, 2022.
F. Keilmann and R. Hillenbrand, “Near-field microscopy by elastic
light scattering from a tip,” Philos. Trans. R. Soc. A, vol. 362, no. 1817,
pp. 787—805, 2004.
[11] X. Chen, et al., “Modern scattering-type scanning near-field optical
microscopy for advanced material research,” Adv. Mater., vol. 31,
no. 24, p. 1804774, 2019.
N. Ocelic, A. Huber, and R. Hillenbrand, “Pseudoheterodyne
detection for background-free near-field spectroscopy,” Appl. Phys.
Lett., vol. 89, no. 10, p. 101124, 2006.
E. Bailo and V. Deckert, “Tip-enhanced Raman scattering,” Chem.
Soc. Rev., vol. 37, no. 5, pp. 921—930, 2008.
R. Zhang, et al., “Chemical mapping of a single molecule by
plasmon-enhanced Raman scattering,” Nature, vol. 498, no. 7452,
pp. 82—86, 2013.
M. D. Sonntag, E. A. Pozzi, N. Jiang, M. C. Hersam, and
R. P. Van Duyne, “Recent advances in tip-enhanced Raman
spectroscopy,” J. Phys. Chem. Lett., vol. 5, no. 18, pp. 3125—3130,
2014.
Z.Zhang, S. Sheng, R. Wang, and M. Sun, “Tip-enhanced Raman
spectroscopy,” Anal. Chem., vol. 88, no. 19, pp. 9328 —9346,
2016.
C. Hoppener, et al., “Tip-enhanced Raman scattering,” Nat. Rev.
Methods Primers, vol. 4, no. 1, p. 47, 2024.
K.-D. Park, O. Khatib, V. Kravtsov, G. Clark, X. Xu, and M. B.
Raschke, “Hybrid tip-enhanced nanospectroscopy and
nanoimaging of monolayer WSe, with local strain control,” Nano
Lett., vol. 16, no. 4, pp. 2621—2627, 2016.
B. Yang, et al., “Sub-nanometre resolution in single-molecule
photoluminescence imaging,” Nat. Photonics, vol. 14, no. 11,
pp. 693—699, 2020.
H. Lee, D.Y. Lee, M. G. Kang, Y. Koo, T. Kim, and K.-D. Park,
“Tip-enhanced photoluminescence nano-spectroscopy and
nano-imaging,” Nanophotonics, vol. 9, no. 10, pp. 3089—3110,
2020.
K. Hasz, Z. Hu, K.-D. Park, and M. B. Raschke, “Tip-enhanced dark
exciton nanoimaging and local strain control in monolayer WSe,,”
Nano Lett., vol. 23, no. 1, pp. 198 —204, 2022.
A. Albagami, et al., “Tip-enhanced photoluminescence of
freestanding lateral heterobubbles,” ACS Appl. Mater. Interfaces,
vol. 14, no. 8, pp. 11 006 —11 015, 2022.
P. Kusch, N. Morquillas Azpiazu, N. S. Mueller, S. Mastel, J. 1.
Pascual, and R. Hillenbrand, “Combined tip-enhanced Raman
spectroscopy and scattering-type scanning near-field optical
microscopy,” J. Phys. Chem. C, vol. 122, no. 28, pp. 16 274—16 280,
2018.
A. Fali, et al., “Photodegradation protection in 2D in-plane
heterostructures revealed by hyperspectral nanoimaging: the role
of nanointerface 2D alloys,” ACS Nano, vol. 15, no. 2,
pp. 2447 —2457,2021.
0. Garrity, A. Rodriguez, N. S. Mueller, O. Frank, and P. Kusch,
“Probing the local dielectric function of WS, on an Au substrate by
near field optical microscopy operating in the visible spectral
range,” Appl. Surf. Sci., vol. 574, no. 1, p. 151672, 2022.

(0]

(2]

3]

4]

3]

[16]

07

[18]

(9]

[20]

[21]

[22]

[23]

[24]

[25]



342 =— 1. Niehues et al.: Nanoscale resolved PL of hBN color centers

DE GRUYTER

[26] N. Nikolay, et al., “Direct measurement of quantum efficiency of [41] A.K. Dabrowska, et al., “Defects in layered boron nitride grown by
single-photon emitters in hexagonal boron nitride,” Optica, vol. 6, Metal Organic Vapor Phase Epitaxy: luminescence and positron
no. 8, pp. 1084—1088, 2019. annihilation studies,” J. Lumin., vol. 269, no. 1, p. 120486, 2024.

[27] N.Palombo Blascetta, et al., “Nanoscale imaging and control of [42] ). A. Preuss, et al., “Resonant and phonon-assisted ultrafast
hexagonal boron nitride single photon emitters by a resonant coherent control of a single hBN color center,” Optica, vol. 9, no. 5,
nanoantenna,” Nano Lett., vol. 20, no. 3, pp. 1992—1999, 2020. pp. 522—531, 2022.

[28] H.G. Frey, S. Witt, K. Felderer, and R. Guckenberger, [43] K.]o, etal., “Direct nano-imaging of light-matter interactions in
“High-resolution imaging of single fluorescent molecules with the nanoscale excitonic emitters,” Nat. Commun., vol. 14, no. 1, p. 2649,
optical near-field of a metal tip,” Phys. Rev. Lett., vol. 93, no. 20, 2023.

p. 200801, 2004. [44] S.X.Li, et al., “Prolonged photostability in hexagonal boron

[29] P.Anger, P. Bharadwaj, and L. Novotny, “Enhancement and nitride quantum emitters,” Commun. Mater., vol. 4, no. 1, p. 19,
quenching of single-molecule fluorescence,” Phys. Rev. Lett., 2023.
vol. 96, no. 11, p. 113002, 2006. [45] G. Noh, et al., “Stark tuning of single-photon emitters in hexagonal

[30] T.H. Taminiau, F. D. Stefani, F. B. Segerink, and N. F. Van Hulst, boron nitride,” Nano Lett., vol. 18, no. 8, pp. 4710—4715, 2018.
“Optical antennas direct single-molecule emission,” Nat. Photonics, ~ [46] M.Yu,D.Yim, H. Seo, and J. Lee, “Electrical charge control of h-BN
vol. 2, no. 4, pp. 234—237, 2008. single photon sources,” 2D Mater., vol. 9, no. 3, p. 035020, 2022.

[31] A.Singh, G. Calbris, and N. F. Van Hulst, “Vectorial nanoscale [47] 1. Zhigulin, et al., “Stark effect of blue quantum emitters in
mapping of optical antenna fields by single molecule dipoles,” hexagonal boron nitride,” Phys. Rev. Appl., vol. 19, no. 4, p. 044011,
Nano Lett., vol. 14, no. 8, pp. 4715—4723, 2014, 2023.

[32] J. N. Farahani, et al., “Bow-tie optical antenna probes for [48] B.D.Mangum, C. Mu, and J. M. Gerton, “Resolving single
single-emitter scanning near-field optical microscopy,” fluorophores within dense ensembles: contrast limits of
Nanotechnology, vol. 18, no. 12, p. 125506, 2007. tip-enhanced fluorescence microscopy,” Opt. Express, vol. 16, no. 9,

[33] H.GroB, ). M. Hamm, T. Tufarelli, O. Hess, and B. Hecht, “Near-field pp. 6183—6193, 2008.
strong coupling of single quantum dots,” Sci. Adv., vol. 4, no. 3, [49] C.Hoppener, R. Beams, and L. Novotny, “Background suppression
p. eaar4906, 2018. in near-field optical imaging,” Nano Lett., vol. 9, no. 2,

[34] D.Chugh, ). Wong-Leung, L. Li, M. Lysevych, H. H. Tan, and C. pp. 903908, 2009.

Jagadish, “Flow modulation epitaxy of hexagonal boron nitride,” [50] R.Hillenbrand, T. Taubner, and F. Keilmann, “Phonon-enhanced
2D Mater., vol. 5, no. 4, p. 045018, 2018. light—matter interaction at the nanometre scale,” Nature, vol. 418,

[35] A.K.Dabrowska, et al., “Two stage epitaxial growth of wafer-size no. 6894, pp. 159—162, 2002.
multilayer h-BN by metal-organic vapor phase epitaxy — a [51] F.Huth, A. Govyadinov, S. Amarie, W. Nuansing, F. Keilmann, and
homoepitaxial approach,” 2D Mater., vol. 8, no. 1, p. 015017, R. Hillenbrand, “Nano-FTIR absorption spectroscopy of molecular
2020. fingerprints at 20 nm spatial resolution,” Nano Lett., vol. 12, no. 8,

[36] M. Tokarczyk, et al., “Effective substrate for the growth of pp. 3973—3978, 2012.
multilayer h-BN on sapphire —substrate off-cut, pre-growth, and [52] A.S.Mcleod, et al., “Multi-messenger nanoprobes of hidden
post-growth conditions in metal-organic vapor phase epitaxy,” 2D magnetism in a strained manganite,” Nat. Mater., vol. 19, no. 4,
Mater., vol. 10, no. 2, p. 025010, 2023. pp- 397—404, 2020.

[37] J. Binder, et al., “Epitaxial hexagonal boron nitride for hydrogen [53] S.A. Tawfik, et al., “First-principles investigation of quantum
generation by radiolysis of interfacial water,” Nano Lett., vol. 23, emission from hBN defects,” Nanoscale, vol. 9, no. 36, pp. 13
no. 4, pp. 1267—1272, 2023. 575—13 582, 2017.

[38] K.Ludwiczak, et al., “Large-area growth of high-optical-quality [54] A.Kirchhoff, T. Deilmann, P. Kriiger, and M. Rohlfing, “Electronic
MoSe,/hBN heterostructures with tunable charge carrier and optical properties of a hexagonal boron nitride monolayer in
concentration,” ACS Appl. Mater. Interfaces, vol. 16, no. 37, pp. 49 its pristine form and with point defects from first principles,” Phys.
701—49 710, 2024. Rev. B, vol. 106, no. 4, p. 045118, 2022.

[39] L.Aigouy, A. Lahrech, S. Grésillon, H. Cory, A. C. Boccara, and ). C. [55] M. Neumann, et al., “Organic molecules as origin of visible-range

Rivoal, “Polarization effects in apertureless scanning near-field
optical microscopy: an experimental study,” Opt. Lett., vol. 24,
no. 4, pp. 187—189, 1999.

single photon emission from hexagonal boron nitride and mica,”
ACS Nano, vol. 17, no. 12, pp. 11 679—11 691, 2023.

[40] J. M. Gerton, L. A. Wade, G. A. Lessard, Z. Ma, and S. R. Quake,
“Tip-enhanced fluorescence microscopy at 10 nanometer
resolution,” Phys. Rev. Lett., vol. 93, no. 18, p. 180801, 2004.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2024-0554).


https://doi.org/10.1515/nanoph-2024-0554

	1 Introduction
	2 Results
	2.1 Characterization of photoluminescence mapping
	2.2  Demonstration of TEPL: bleaching of color centers
	2.3 Utilization of TAPL: in-plane dipole emission mapping

	3 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


