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ABSTRACT

Hexagonal boron nitride (hBN) has been the subject of numerous research efforts in the last decade. Of particular interest is the creation of
optically active defects in hBN because of their easy integration, e.g., in van der Waals heterostructures, and their room temperature photon
emission. Many methods to create such defects in hBN are still under investigation. In this work, we present our approach to creating single
defect emitters in hBN using remote plasma with different plasma species and report on the outcome statistically. We have used argon,
nitrogen, and oxygen plasmas and report statistics on the emitters, produced by the different gas species and their optical properties. In
particular, we examine the emission of the exfoliated flakes before and after the plasma processes without an annealing step to avoid creating
emitters that are not caused by the plasma exposure. Our findings suggest that the purely physical argon plasma treatment is the most
promising route for creating optically active defect emitters in hBN by plasma exposure.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0253028

The photonics of quantum emitters is an ongoing and important
field of research. For example, single emitters are an essential part of
quantum information technology, like quantum cryptography.'
Another usage for single emitters is quantum sensing.” * Several differ-
ent materials have been suggested for such applications, such as dia-
mond color centers™””'" and self-assembled as well as colloidal
quantum dots.! Recently, 2D-materials have also come into focus as
possible hosts of single emitters, *'® where especially single-photon emit-
ters are of interest for quantum communication.'” *’ One of them is
hexagonal boron nitride (hBN). It can host defects that emit light even
at room temperature similar to color centers in diamond'®'**" ** and
has the advantage of easy integration into devices, because of its van der
Waals structure that can be transferred and stacked into electro-optical
active devices.””*” >’ Research on how to spectrally and locally induce
single defect emitters is still ongoing."*'*'******" A promising method
is plasma treatment of the hBN.”* *” Here, we present a systematic study
of how to produce defect emission in exfoliated hBN by the influence of
plasma treatment using three specific species: argon, which will only
interact physically with hBN; nitrogen as a constituent of boron nitride;
and oxygen as a foreign and chemically reactive species. With our
work, we want to make way to further understand the behavior of differ-
ent plasmas not only statistically but also in direct comparison to each
other.

The investigated samples were prepared as follows. Silicon wafer
pieces (5 x5 mm?) with a 100 nm thick SiO, layer were used as sub-
strates. After cleaning with nitrogen gas, they were exposed to a strong
oxygen plasma to remove any organic residues on the surface. Then
hBN was exfoliated on the sample surface. This resulted in flakes with
varying thicknesses, ranging from a few monolayers up to 200 nm. The
thickness was roughly estimated from the color, observed in an optical
microscope [see insets in Figs. 1(a), 1(d), and 1(g)]. Different thick-
nesses show different reflection and transmission due to thin-film
interference.”® Therefore, it can be estimated that the blue-greenish
flake parts in the insets in Figs. 1(d) and 1(g) have a thickness of about
15nm, and the flake in the inset in Fig. 1(a) has a thickness of around
110 nm.

The pristine flakes are optically characterized using spatially
resolved scanning photoluminescence (PL) spectroscopy. The mea-
surements were performed in a custom-built quasi-confocal”’ Raman/
PL spectroscopy setup. We used a 50x objective (NA = 0.85), resulting
in a spot size of around 1 um2.4(] For the excitation, we used three dif-
ferent lasers: A 532 nm and a 405 nm semiconductor laser, as well as a
633 nm He-Ne laser. Most measurements were taken with the 532 nm
laser. For the untreated flakes, typical maps of the brightness (averaged
over 20 nm spectral width) are shown in Figs. 1(a), 1(d), and 1(g) for
center wavelengths of 590 and two times 600 nm, respectively. The
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FIG. 1. Spatially resolved PL maps of hBN flakes before [(a), (d), and (g)] and after [(b), (€), and (h)] 90s plasma treatment with PL spectra taken on chosen points from the
maps (c), (f), and (i). The insets in (a), (d), and (g) show the flakes under an optical microscope. The text in the bottom right corner of (a), (d), and (g) shows the center wave-
length chosen for every pair of PL maps [(a) and (b)], [(d) and (e)], and [(g) and (h)]. The flake shown in (a) and (b) was treated with an Ar plasma, the one in (d) and (e) with a
N plasma, and the one in (g) and (h) with an O plasma. Every PL map pair has been plotted with the same intensity scale. The positions marked by circles and capital letters in
the PL maps after the treatment (b), (e), and (h) correspond to the spectra shown in (c), (f), and (i), respectively. For clarity, the spectra in (c), (f), and (i) were shifted vertically
in steps of 80 cps, and the peaks that we counted for the statistic are marked with black arrows. The optical transitions in the color centers are pumped with a 532 nm laser
with an output power of 400 uW/umz. The CCD detector exposure time is set to 3 s.
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false color brightness scales are chosen such that a direct comparison The characterized samples were then exposed to different gas spe-
with the maps after the plasma treatment is possible. On these scales, cies in a custom-built remote microwave plasma reactor. The remote
all maps of the untreated samples appear mainly dark and show that nature of the system allows the treatment of surfaces at a distance
there is only negligible defect emission from the pristine hBN flakes. from the excitation zone of the plasma. The distance is an important
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additional parameter for controlling the plasma treatment because the
chemical composition of the plasma changes with distance due to the
different lifetimes of the excited species in the plasma. In addition,
the parameter distance can also be used to control the intensity of the
plasma treatment (and thus possibly the defect density generated)."’
The three gases used were argon (Ar), oxygen (O), and nitrogen (N).
Argon is chemically inert and therefore only defects are introduced into
the lattice by physical processes (collisions). It is also expected that this
plasma treatment is the gentlest. Nitrogen and oxygen can both also
lead to chemical processes and etching; however, while oxygen is a for-
eign species, nitrogen is already a component of the hBN material. Well-
working parameters for the plasma exposure were a power of 600 W, a
chamber pressure of 5 mbar, with a distance of 2 cm away from the reso-
nator, and an exposure time of 90's [Figs. 1(b), 1(e), and 1(h)].
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FIG. 2. Bar chart of the spectral distribution of the zero phonon line of emitters in
hBN flakes after Ar (a), N (b), and O (c) plasma treatment. Bin size equals 50 nm.
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Figures 1(b), 1(e), and 1(h) show the PL maps of the hBN flakes
after exposure to argon, nitrogen, and oxygen, respectively. Note
that identical flakes are shown in the parings (a — b), (d — e), and
(g — h). This makes a direct comparison possible to identify the
plasma-induced effects. For the same reason, we did not apply any
annealing after the plasma treatment. Annealing has a stabilizing effect
on the emitters;’”"” however, it may also induce additional, non-
plasma-related defects."” "

We picked several particularly bright and spatially well-resolved
spots on each plasma-exposed flake. Corresponding PL spectra of the
positions marked in Figs. 1(b), 1(e), and 1(h) are shown in Figs. 1(c),
1(f), and 1(i). In total, about 100 flakes on 50 samples were character-
ized to get some statistics for the creation of defects. To identify indi-
vidual emitters, we selected only spectra that had peaks with both high
brightness (> 25 cps) and narrow width (FWHM < 30 nm). Typical
examples marked with black arrows are seen in Fig. 1(c) (A, B, C, H),
Fig. 1(f) (A, C), and Fig. 1(i) (D, E). Applying these criteria, a total of
50 separate defect emitters were identified.

Figures 2(a)-2(c) show the distribution of the emission wave-
lengths for argon, nitrogen, and oxygen, respectively. The colors corre-
spond to the wavelength of the excitation laser: 405 nm (blue), 532 nm
(green), and 633 nm (red). For argon exposure [Fig. 2(a)], emission is
found only in a narrow region slightly below 600 nm and only from
532nm excitation. The more chemically active species, nitrogen and
oxygen, lead to a much broader range of emission energies [Figs. 2(b)
and 2(c)]. This suggests that Ar exposure mainly induces a single kind
of optically active defect, while N and O create a variety of color cen-
ters. In the high-bandgap material hBN, efficient defect excitation
mainly occurs through phonon-assisted processes.'® This explains why
the luminescence around 580 nm is only observed under green laser
illumination: the energy difference between excitation (2.33¢V) and
emission (2.13 €V) corresponds well to the LO phonon energy in hBN
(02eV).**" Luminescence at 580nm is well-known in hBN."
Although its origin is still under debate,””"” it is often associated with
the carbon complex defect CyNp Vi,'”™* where, in combination with

150
£
5] 100 ©
£ s
g 2z
n
= 50 &
=

0

550 600 650 700
Wavelength (nm)

FIG. 3. Time-resolved PL emission series of a single defect on a nitrogen plasma-
treated hBN flake. The x axis shows the spectral position, the y axis shows the time
in 1 min steps, and the color indicates the intensity. The optical transitions in the
color center are pumped with a 405 nm laser with an output power of 350 uW/umz.
The CCD detector exposure time is set to 60 s.
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a nitrogen vacancy, a carbon atom and a nitrogen atom each replace a
boron atom. Even though we do not introduce any carbon in our
plasma process, it cannot be ruled out that the hBN surface is contami-
nated with organic species as a source of carbon atoms, which are
incorporated into the hBN through the Ar and N plasma exposure.
The fact that emission around 580 nm is greatly reduced after oxygen
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exposure [Fig. 2(c)] supports this explanation, as oxygen plasma effi-
ciently removes organic residue. Other possibilities for the 580 nm
emission could be a nitrogen vacancy Vy, or a nitrogen vacancy in
combination with an antisite defect Ny Vy.*”"7**

Quite a few defects with luminescence around or above 625 nm
are also observed. These may originate from oxygen-based defects with
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FIG. 4. PL maps (a), (d), and (g) of hBN flakes after treatment with plasma for 5 min, with the optical microscope images of the flakes (b), (€), and (h) and the spectra (c), (f),
and (i) of the marked spots in the maps. The center wavelength of the PL maps (a), (d), and (g) are shown in their top left corner. The flake shown in (a)—(c) was treated with
an Ar plasma, the one in (d)—(f) with a N plasma, and the one in (g)-(i) with an O plasma. For clarity, the spectra in (c), (f), and (i) were shifted vertically in steps of 100, 120,
and 50 cps, respectively. The optical transitions in the color centers are pumped with a 532 nm laser with an output power of 400 uW/umz. The CCD detector exposure time is

setto 3s.
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emission energies around or below 2 eV, such as an O, molecule in the
vicinity of a boron vacancy O,Vy or the oxygen complex
00 Vy.”*7"5* The fact that emission around 625 nm is particu-
larly common for the oxygen-treated flakes, see Fig. 2(c), further sup-
ports this assignment.

The broader range of emission energies that are observed after N
and O plasma treatment allows us to also observe defect emission
under blue and red laser illumination, see color-coded bars in Figs.
2(b) and 2(c). For 633 nm excitation, the most likely emission wave-
length is around 685 nm, a shift of 0.15 eV, somewhat less than the LO
phonon energy that is observed for 532 nm excitation. For blue laser
illumination, the statistics are insufficient to draw reliable conclusions.
However, it is worth mentioning that in one incidence, the excitation
and emission wavelengths (405 and 653 nm, respectively) correspond
to an energy difference of as much as 1.16eV.

This analysis shows that the purely physical interaction from the
Ar plasma results in much better-defined optically active emitters,
compared to N and O, which also interact chemically. Also, note that
the maximum number for all three plasma species is around 600 nm,
which indicates that these are optically emitting defects that can be
induced independently of the plasma species.

Figure 3 shows the time-resolved PL measurement of a single
defect that was found on a N plasma-treated sample. Clear intermit-
tence of the peak intensity and position can be observed on the time-
scale of 1 min. Generally, such instability is an undesirable effect. On
the one hand, the stability could be improved by annealing,”** On the
other hand, intermittent emission, or “blinking,” as well as spectral
hopping, is also a characteristic of single emitters.'”” °® Emitter
agglomerates would not show such a distinct appearance and disap-
pearance of the PL intensity unless it is assumed that they are electron-
ically coupled or otherwise behave in a correlated fashion. It is
important to acknowledge that, despite the blinking and spectral hop-
ping being characteristics of single emitters, the single-photon charac-
teristic of these emitters cannot be claimed in the absence of a g*(0)
measurement. This is a subject for future studies. The characteristic
double emission peaks, e.g., in minutes 4, 5, and 8, can be explained as
the zero-phonon line and (separated by ~ 160meV) the phonon
sideband.”’

While singular light-emitting defects are of great interest for
quantum information technologies, there is also application potential
for homogeneous, bright, light-emitting materials. PL maps of strongly
plasma-exposed flakes are shown in Figs. 4(a), 4(d), and 4(g). These
flakes were exposed for 5 min and positioned closer to the plasma cen-
ter (just inside the resonator), compared to the flakes in Fig. 1. These
were positioned at the height of the resonator. Optical microscope
images of these flakes are presented in Figs. 4(b), 4(e), and 4(h), respec-
tively. In comparison with the maps in Fig. 1, somewhat smoother,
large-scale intensity fluctuations are observed in Figs. 4(a), 4(d), and
4(g), as expected for the stronger plasma exposure. Comparing Figs.
4(i) and 1(i), no improvement of maximum count rates can be
observed for extended O plasma treatment. This can be explained by
an ablation effect’”””"”*" caused by the formation of volatile oxygen
compounds on the surface.””"

For strong N exposure, a roughly doubled light intensity is found
[see Figs. 4(f) and 1(f)]. In the case of the strongly Ar plasma-treated
flake [Fig. 4(c)], an up to 10 times higher signal compared to the
weakly treated flakes [Fig. 1(c)] is observed. This again shows that Ar

pubs.aip.org/aip/apl

irradiation is superior to N or O plasma exposure for the generation of
optically active defects. Note the strong difference in intensity between
the lower and the upper part of the PL map in Fig. 4(a). Comparison
with the optical image in Fig. 4(b) suggests that this is caused by the
different thicknesses in these two areas. Following our previous work
on optical properties of hBN flakes,” we attribute this intensity pattern
to thin-film interference, which can increase or decrease light emis-
sion/extraction, depending on the ratio between flake thickness and
wavelength.

In conclusion, we have studied the creation of optically active
defects in hexagonal boron nitride by plasma exposure. Exfoliated
hBN flakes on top of Si/SiO, substrates were introduced to a remote
plasma. The gas species employed were argon, nitrogen, and oxygen.
Single defects were created on samples irradiated for 90 s by a remote
plasma. By precisely controlling the plasma treatment parameters, we
were able to generate and optically characterize 50 individual emitters.
The distribution of the emission wavelength of the different emitters
was found to be narrower for exposure to Ar, compared to N or O.
This shows that a purely physical plasma interaction results in better-
defined color centers, giving the best control over the created defects.
As an annealing step was intentionally omitted to avoid temperature-
induced creation of defects, blinking effects and spectral hopping were
observed. Samples that were irradiated for 5 min inside the plasma res-
onator exhibited broad and bright emission. Again, the best results,
i.e,, the brightest emission, were observed for the Ar process. The abla-
tion effect of the oxygen plasma, as evidenced by previous stud-
ies,””*""! led to a saturation of the emitter density. This suggests
that the argon plasma process may be the most promising candidate
for introducing defect emission, both in large ensemble structures and
in singular defects. Future investigations may also explore the potential
of a combined gas plasma process.
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