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Abstract: Color centers in hexagonal boron nitride (hBN)

are promising candidates as quantum light sources for

future technologies. In thiswork,weutilize 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 interactionwith 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 quantumdomain including characterization and optical

control.

Keywords: near-field spectroscopy; photoluminescence;

hexagonal boron nitride; color center

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)

is an advanced imaging technique that surpasses the diffrac-

tion limit, facilitating optical measurements down to the

nanoscale [10], [11]. Utilizing sharpmetallic tips of an atomic

force microscope (AFM), s-SNOM not only provides topo-

graphical data but also yields optical contrasts of localmate-

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

are ideal for examining theuniquephotophysical 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 tipswith 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

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 ellipticalmaximum

in the PLmap with extensions of roughly 1 μm × 4 μm. 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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(a)

(c) (d) (f)

(b) (e)

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.

(I) 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.

(II) 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 1e. 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 ourmodel,

the effect does not depend on the metallic surface of the



338 — I. Niehues et al.: Nanoscale resolved PL of hBN color centers

(a) (b)

(c) (d)

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/SiO2 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

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 locationswheremetal 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, c) with an increased optical

excitation power of 500 μW (150 μW 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, c). 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. This indicates that the emission gets bleachedwhen 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 interactswith 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 μm × 6 μm 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)
(b)

(c)

(d)

Figure 3: PL scan of serveral color centers in a 6 μm × 6 μm 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 fromwhichwe determine each rota-

tion angle are shown in SM Fig. S7. The color centers are

identified in eachmeasurement 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.

(a) (b)

(c)
(d)

(e)

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.
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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).

Wefind 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 1e 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 tappingmode, formeasuring 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

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 TEPLmeasurements

[27], [28], [30] but was originally designed for IR s-SNOM

andnano-FTIRmeasurements [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 ofwhether the

SPEs originate fromdefects [53], [54] or aremolecule-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.
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