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Abstract

Recently, layered materials have become an interesting platform for quantum optics and
nanophotonics. Among them, hexagonal boron nitride (hBN) has attracted a widespread interest
due to its peculiar defect-related luminescence properties. In particular, the possible generation
and tailoring of color centers by particle irradiation are becoming pivotal aspects for next
generation quantum optics and photonics. In this work, we use in-situ cathodoluminescence
hyperspectral analysis to investigate the effect of fast-scanning, low-voltage electron irradiation on
deep level emissions in the ultraviolet (UV) range. The quenching of the UV band (UVB) and
changes in the width of the near-band-edge UV luminescence of hBN are investigated as a function
of the irradiation time. This quenching is assigned to the electron beam dissociation of in-plane
carbon dimer, responsible for such emission, with a concurrent substitutional carbon atoms
reconfiguration in donor acceptor pair with a spatial separation in the hBN lattice, that can be
optically inactive or can emit in a different optical range, as demonstrated by the intensity decrease
of below-bandgap excitation photoluminescence emissions. A possible mechanism of the UVB
quenching is also the change of the charge state of the in-plane carbon dimer, that causes a light
emission in a different optical range. In addition, ex-situ analyzes reveal an important side effect of
prolonged electron irradiation, such as the 40 nm thick deposition of tetrahedral amorphous
carbon on top of the hBN flake. This is a clear evolution of the well-established electron beam
induced surface contamination due to the adsorption of carbonic species.

1. Introduction

With the growing interest in quantum optics
applications [1-4], hexagonal boron nitride (hBN)
has emerged as a promising platform for high-yield,
room-temperature single-photon emitters (SPEs)
based on color centers [5-10]. The generation and
tuning of color centers with SPE properties in hBN
can be achieved through various approaches [8, 11—
18]. Among these, irradiation with charged particles
has shown several advantages [7, 11, 19], includ-
ing spatial localization [20-22] and the creation of

© 2025 The Author(s). Published by IOP Publishing Ltd

high-formation-energy point defects, such as the
boron vacancy [9, 23-26].

Electron irradiation offers the highest spatial loc-
alization of radiative centers [20-22]. The color cen-
ters generated by this technique depend on irradi-
ation parameters, with light emissions spanning from
blue to infrared by varying factors such as accelerat-
ing voltage, beam current, or irradiation time [20-22,
27]. Recently, cathodoluminescence (CL) has facil-
itated studies of SPE-related color centers in hBN
(20, 23, 28-32]. Notably, recent research has demon-
strated the potential of CL for in-situ monitoring
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of localized activation of blue-emitting color centers
through spot-mode electron beam irradiation [33,
34]. CL is one of the most versatile experimental tools
for studying and monitoring the optical properties of
hBN [12, 35-41]. Typically conducted at cryogenic
temperatures, CL can excite near-band-edge (NBE)
emissions of hBN (5.8 eV, 215 nm) in the deep ultra-
violet (UV) region [36, 38]. Furthermore, CL has
been used to unambiguously identify hBN crystal-
line phases [42] and detect UV emission at 300 nm
(4.1 eV), which is modulated by the twist angle of
stacked hBN multilayers [31, 43]. Finally, CL analysis
is important for the CL is also critical for identifying
unique optical features in hBN microstructures, such
as bubbles and wrinkles [39, 44, 45].

In this study, we present an efficient and rapid
procedure involving large-area, fast-scanning, low-
voltage electron irradiation to suppress undesired
defect-related radiative recombination. This process
is monitored via in-situ CL hyperspectral analysis.
Prolonged irradiation leads to a monotonic quench-
ing of deep-level UV emissions and a concurrent nar-
rowing of NBE UV emissions in hBN. The quench-
ing of the UV band (UVB) is attributed to the elec-
tron beam-induced dissociation of in-plane carbon
dimers, into different configurations of the donor
acceptor pair of substitutional carbon atoms with
different spatial separations in the hBN lattice, that
can be optically inactive or emits light in a differ-
ent optical range. An additional mechanism of the
UVB quenching is the positively or negatively char-
ging of the in-plane carbon dimer, that would cause a
light emission in a different optical range. This hypo-
thesis is supported by the observed decrease in below-
bandgap excitation photoluminescence (PL) emis-
sions. Ex-situ Raman and atomic force microscopy
(AFM) analyzes reveal a notable side effect of pro-
longed large-area, low-voltage electron irradiation:
the deposition of a 40 nm thick layer of tetrahed-
ral amorphous carbon. This outcome highlights the
evolution of surface contamination induced by elec-
tron beam exposure due to the adsorption of carbon-
aceous species.

2. Results

Figure 1 illustrates the schematic setup of the exper-
iment, which combines CL measurements and elec-
tron irradiation, conducted at room temperature. The
first step of the experiment is a CL hyperspectral map-
ping of the hBN flake of interest. Specifically, the
mapping is performed using an acceleration voltage
of 5 keV and an electron beam current of 150 pA.
The hyperspectral map is a 1024 x 1024 array of
spectral acquisitions across the selected area, with an
acquisition time of 1 s per spectrum. A represent-
ative CL spectrum for a 400 nm-thick hBN flake is
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shown in figure 1. The thickness of the hBN flake is
precisely measured using AFM, as detailed in figure
S1, confirming a thickness of 400 nm. The CL spec-
trum reveals several light emission peaks: an asym-
metric emission at5.83 eV (212 nm) and a broad band
centered at 3.73 eV (332 nm). Additional peaks are set
at 2.91 eV (426 nm) and 1.92 eV (646 nm) which are
identified as second-order diffraction of the 5.83 eV
and 3.73 eV radiative recombination processes.

The sharp peak at 5.83 eV corresponds to the
NBE phonon-assisted recombination in hBN at room
temperature [46] This emission arises from s-like free
excitons [38, 40, 47]. The low-energy tail of this peak
is attributed to the D series, which represents radi-
ative recombination associated with extended struc-
tural defects, such as stacking faults [48], dislocations
[49] or grain boundaries [47]. The broad emission
band at 3.73 eV, commonly referred to as the UVB,
is attributed to radiative transitions involving impur-
ities and their phonon replicas [38, 50].

The second step of the experiment involves irradi-
ating the hBN flake, as indicated by the blue square in
figure 1. For this step, an accelerating voltage of 5 kV
and a beam current of 90 pA are used to irradiate a
30 pum x 30 pm area. During irradiation, the elec-
tron beam scans the area at the maximum available
scan rate of 2 MHz per frame, as provided by the scan-
ning electron microscope (SEM). This ensures spatial
homogeneity of the irradiation dose. The 5 kV accel-
erating voltage is selected to maximize the number
of scattering events within the hBN flake (as suppor-
ted by the Monte Carlo simulation shown in figure
S2). Additionally, this irradiation condition keeps the
system within the dynamic charging regime, enabling
valuable secondary electron (SE) imaging [51-54].
Importantly, at low accelerating voltages, the process
occurs at energy levels far below the knock-on energy
threshold (120 keV) of the hBN lattice atoms [55].
Consequently, the irradiation does not generate new
crystalline defects.

The third step of the experiment involves acquir-
ing a CL hyperspectral map of the same area analyzed
in Step 1. Steps 2 and 3 are then repeated, consistently
involving the same area. The hBN flake is irradiated
for a total of 60 min, divided into two sessions: an ini-
tial 15 min round, followed by a 45 min round.

The SE imaging of the hBN flake is shown in
figure 2(a). When increasing the irradiation time, it
is possible to distinguish the exposed area by a local
change in the SE contrast. It is worth noting that the
15 min low-voltage irradiation (figure 2(b)) changes
the SE contrast homogeneously in the treated area.
Increasing the irradiation time to 60 min (figure 2(c))
causes two main effects: the appearance of several
bright contrast lines and a charging striping effect in
the adjacent area. Using the standard formula for the
SE contrast (C) of an object, we can perform a more
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Figure 1. Sketch of the process steps of the experiment combining room temperature CL measurements and electron irradiation.

the NBE and UVB emissions are indicated. In step 2, electron irradiation of a small area is carried out. In this particular case, the

spectra as the initial map. Steps 2 and 3 are then repeated increasing the irradiation time in the same area.

collected. The inset presents a representative CL spectrum, where

is collected again using the same magnification and number of

quantitative analysis of the effect of electron irradi-
ation on the SE contrast [56]:

Iopr — I
C= (M) % 100
Ing

where Iopj is the average SE intensity of the of the
area of interest, and Ipg is the average SE intensity
of the background. The SE contrast of the exposed
area increases by 37% after 15 min of irradiation. This
enhanced brightness is attributed to negative char-
ging within the irradiated region [51]. After 60 min
of irradiation, the SE contrast in the irradiated area is
only 16% brighter than the background. This reduced
increase in dynamic charging, combined with the
presence of a dark frame surrounding the irradi-
ated region and several brighter lines, indicates sur-
face contamination of the hBN, likely caused by the
adsorption of carbonaceous species. Additionally, the
charge striping effect results in a 65% increase in SE
contrast in the adjacent area. The preferential char-
ging observed to the right of the irradiated region
is attributed to the beam’s scanning direction, which
progresses from left to right [53].

The CL spectra of hBN as a function of increasing
electron irradiation time are shown in figure 3(a). The
primary evolution of the CL lineshape with irradi-
ation time is characterized by a decrease in the intens-
ity of the UVB band. Furthermore, the full width at
half maximum (FWHM) of the NBE emission nar-
rows with increasing irradiation time. Specifically, the
pristine hBN exhibits an FWHM of 450 meV, which
decreases to 420 meV after 15 min of irradiation and
reaches a minimum of 360 meV after 60 min. CL
integrated intensity and FWHM of the NBE and the
second order diffraction bands as function of the irra-
diation time are reported in figure S3.

The evolution of the integrated CL intensities of
the UVB and NBE emissions, along with their intens-
ity ratio as a function of irradiation time, is shown in
figure 3(b). The UVB emission is identified as a com-
plex convolution of multiple radiative recombination
processes. A detailed deconvolution of the UVB band,
presented in figure S4, reveals three distinct com-
ponents. Two of these bands, located at 4.03 eV and
3.86 eV, are attributed to the zero-phonon line (ZPL)
of carbon defects and its corresponding phonon
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step: (a) pristine, (b) after 15 min, and (c) after 60 min.

Figure 2. SEM micrograph, obtained with an Everhart-Thornley detector, of the analyzed flake before and after each irradiation
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Figure 3. (a) Representative CL spectra of the hBN flat area: pristine (red line), after 15 min of irradiation (green line), and after
60 min (blue line). For clarity, the CL spectra are shifted vertically every 30 cps. (b) CL integrated intensity of the UVB (black
circles) and NBE (black squares) bands and the UVB/NBE integrated intensity ratio (red symbols) as function of the irradiation
time. UVB/NBE integrated intensity ratio maps, acquired in the same area: (c) pristine hBN, (d) of 15 min irradiated and (e)
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replica [57, 58]. An additional emission at 3.43 eV is
reported, probably related to a donor—acceptor pair
[59]. The integrated intensity of the UVB emission
decreases by 20% after 15 min of irradiation and
declines by an additional 20% following 60 min of
irradiation. In contrast, the integrated intensity of the
NBE recombination exhibits a peak after 15 min of
irradiation, with an increase of 3.2%. However, this
intensity subsequently decreases by 6% after 60 min
of irradiation. To illustrate the evolution of UVB

and NBE emission intensities with increasing elec-
tron irradiation time, we present the CL mapping of
the UVB/NBE integrated intensity ratio for the dif-
ferent irradiation steps in figures 3(c)—(e), respect-
ively. The UVB/NBE ratio is widely recognized as a
key indicator of defect density [40, 47]. The intensity
ratio is not uniform across the analyzed area, indicat-
ing a spatially inhomogeneous distribution of defect
density. Nevertheless, the primary effect of electron
irradiation is a consistent, homogeneous decrease in
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Figure 4. (a) Below-bandgap excitation PL analysis, before (defined as pristine, red line) and after (defined as irradiated, cyan
line) the electron irradiation process. (b) Raman spectra collected in the irradiation area before (red line) and after (cyan line) the
60 min irradiation process. The black dashed line highlight the presence of amorphous carbon Raman modes.

the UVB/NBE integrated intensity ratio over time
(figure 3(b)).

To investigate the origin of the UVB band quench-
ing, we performed ex-situ optical and structural ana-
lyzes. Recent studies have shown that below-bandgap
excitation PL analysis can offer valuable insights into
the presence of deep levels within the hBN bandgap
[44]. Specifically, it has been shown that the PL emis-
sion between 1.8 eV and 2.5 eV originates from radi-
ative recombination involving the same deep levels
responsible for the CL emission observed between
3.0 eV and 4.5 eV [44]. The PL spectra of the hBN
flake before and after the 60 min irradiation pro-
cess are shown in figure 4(a). Due to the ex-situ
nature of the investigation, only the PL spectrum of
the 60 min irradiated sample is presented. The irra-
diation process results in a significant decrease in
luminescence intensity across the entire energy range.
Notably, the PL spectra consist of multiple emis-
sions, with their Gaussian deconvolutions provided in
figure S5.

The most prominent effect of the irradiation pro-
cess is the substantial quenching of the broad emis-
sion at 2.03 eV, which decreases by 66%. This quench-
ing is considerably more severe than the intensity
reductions observed for the 2.33 eV and 1.88 eV com-
ponents, which decrease by 44% and 47%, respect-
ively. The below-bandgap excitation PL analysis con-
firms the irradiation-induced modifications to the
deep-level emissions previously identified in the CL
analysis, as shown in figure 3.

Raman spectroscopy has been employed to
identify possible structural changes in the irradiated
area by analyzing the h BN Raman mode FWHM. The
Raman peak, which is conventionally investigated
in hBN, is at 1365 cm™!. This mode is attributed

to the in-plane atom vibrations (E;; mode) [60].
Figure 4(b) presents the Raman spectra before irradi-
ation (defined as pristine, red line), and after irradi-
ation and exposure to the lab environment (defined
as irradiated, cyan line). The careful analysis of the
E»; mode FWHM shows that the irradiation process
causes a broadening of the peak from 8.3 cm™! to
8.7 cm~!. This broadening is an indication of the
degradation of the crystalline quality of the hBN lat-
tice. The Raman spectrum after irradiation presents
also the appearance of an additional broad bands
at 1575 cm™! and at 1350 cm™! superimposed to
the hBN Raman mode. These modifications to the
Raman spectrum can be attributed to the surface
contamination by hydrocarbon species [61] and the
consequent modification of such species by the elec-
tron beam irradiation. In fact, the broad mode at
1575 cm ™! and at 1350 cm ™! can be assigned to the
G and D modes of amorphous carbon. The Raman
lineshape can indicate the presence of partially recrys-
tallized tetrahedral amorphous carbon (ta-C) [62,
63]. This attribution is manly supported by the
Raman shift of the G mode at 1575 cm™! and the
D/ G intensity ratio equal to 0.5. In fact, The increase
of the D peak intensity in ta-C is due to an increase of
the sp? bonds cause by electron beam irradiation [64,
65]. In our case, the 60 min electron irradiation pro-
cess provides enough energy to transform the hydro-
carbon contaminants in ta-C and then to enhance the
crystallinity of the deposited layer. The Raman intens-
ity maps of the hBN and G modes are reported in
figure S5 in order to highlight the spatial localization
of the G mode in the irradiated area. An actual trend
in the Raman analysis of particles irradiated hBN is
reporting a defect activated Raman modes (graphene
D peak like) of hBN [66—68]. While the authors of
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these works have attributed these Raman modes to
defect-activated modes of hBN, our data suggests
that these Raman modes appear to be related to the
presence of amorphous carbon, deposited during the
irradiation processes [7, 21, 69]. The morphological
analysis of the irradiated area, carried out by AFM,
reveals the presence of a 43 nm thick amorphous
carbon layer as reported in figure S7.

3. Discussion

The UVB quenching observed in both PL and CL
experiments indicates a reduction in the concentra-
tion of defects that facilitate radiative recombination
within the hBN bandgap. This effect can be attributed
to two possible mechanisms: electron beam annealing
of the irradiated region of the hBN flake or the elec-
tron beam-induced dissociation of defects respons-
ible for the UVB emission. To evaluate the potential
for electron beam annealing, we estimated the local
temperature increase caused by electron beam irra-
diation by comparing two well-established models:
the modified Vine-Einstein model [70, 71] and the
Baker-Sexton model [72]. The temperature increase
is estimated to be 85 K using the Vine-Einstein
model and 115 K using the Baker-Sexton model. All
parameters and formulas used for these temperature
estimations are provided in table S1. However, the
estimated temperature increase is likely insufficient to
modify the radiative defects responsible for the UVB
emission. Notably, high-temperature annealing pro-
cesses (T > 1273 K) are typically required to eliminate
radiative defectsin hBN [73, 74]. Therefore, we attrib-
ute the dissociation of defects by the electron beam as
the most probable cause of the UVB emission reduc-
tion. Similar effects have been reported for low energy
electron beam irradiation in C-doped hBN [34], Mg-
doped GaN thin film [75, 76], GaN quantum wells
[77] and diamond films [78-80]. To clarify the disso-
ciation process occurring during electron irradiation,
it is essential to identify the origin of the UVB band.
Several studies have attributed the UVB emission to
carbon-containing defects [30, 81-85]. In particu-
lar, recent works have addressed the in-plane carbon
dimer (CpCy) as the defect originating the 4.1 eV ZPL
emission [57, 58, 86—89]. The in-plane carbon dimer
has a formation energy of approximately 2 eV [58].
Consequently, the energy delivered by electron beam
irradiation (250 eV across the entire thickness of the
hBN flake, as shown in figure S2, for a single irra-
diation event) is sufficient to cause the dissociation
of this defect. This energy is delivered through mul-
tiple scattering events, that occurs during the long-
time irradiation process.

The in-plane carbon dimer dissociation may lead
to a different configuration of carbon substitutional
centers. The most probable configuration is the
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donor—acceptor pair composed of a carbon atom
in boron position and in nitrogen position (CzCy-
DAP). These configurations are energetically favored,
considering the energy provided by the scattering
events with the electron beam [86]. These particu-
lar configurations present radiative recombination in
the range of the second order diffraction of the UVB
or outside of the optical range analyzed in this work
[86]. The atomistic model of the evolution of the in-
plane carbon dimer is presented in figure 5, report-
ing the possible configuration of the CyCn-DAP with
different spatial separation. The calculated ZPL of the
different configuration of the (CyCn-DAP) are repor-
ted in table S2. A possible change of the charge state
of the CgCy center is a possible mechanism for the
quenching of the UVB. In fact, the ZPL of the pos-
itively and negatively charged carbon dimer falls in
an optical range not analyzed in the present work. In
particular, the positively charged CgCy is expected to
present a light emission at 1.055 eV while the negat-
ively charged one should emit light at 0.442 eV [86].
The SE contrast analysis, reported in figure 2, suggests
the negative charge state of the CgCy donor acceptor
pair.

The possible rise of amorphous carbon induced
artifacts, affecting the in-situ CL analysis, is reported
in figure S8.

4. Conclusions

In conclusion, we demonstrate an efficient and
rapid method for suppressing undesired defect-
related radiative recombination in hBN through
large-area, fast-scanning, low-voltage electron irradi-
ation, monitored via in-situ CL hyperspectral ana-
lysis. Prolonged irradiation leads to a monotonic
quenching of deep-level UV emissions and a concur-
rent narrowing of NBE UV emissions. The quenching
of the UVB is ascribed to the electron beam-induced
dissociation of in-plane carbon dimers, into different
configurations of the donor acceptor pair of substitu-
tional carbon atoms, that can be optically inactive or
emits light in a different optical range. An additional
mechanism of the UVB quenching is the change of
the charge state of the CyCy center, that causes a light
emission in a different optical range. This interpreta-
tion is further supported by the observed reduction in
ex-situ below-bandgap excitation PL emissions.

Additionally, ex-situ Raman and AFM analyzes
reveal a significant side effect of prolonged electron
irradiation: the formation of a 40 nm thick layer of
tetrahedral amorphous carbon. This result under-
scores the evolution of electron beam-induced surface
contamination, caused by the adsorption of carbon-
aceous species, observed by SE contrast modification
during the in-situ CL analysis.
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Figure 5. Atomistic model of the evolution of the in-planer carbon dimer under electron beam irradiation, (B in blue, N in pink
and C in grey) with the possible configuration of the donor acceptor pair with different spatial separation (indicated as
red-highlighted atoms). The blue arrows indicate the hopping of the carbon atoms in the different site of the hBN lattice.

5. Experimental methods

We obtain the hBN flake via standard micro-
mechanical exfoliation from bulk single crystals [44,
82].

The CL measurements and sample irradiation
processes are carried out in a CL dedicated Attolight
Rosa SEM microscope. The specimen is left overnight
in vacuum for an effective degassing of the SEM
chamber. The electron irradiation is carried out with
an accelerating voltage of 5 kV and a beam current of
91 pA, keeping the electron beam scanning over the
area of interest at a frequency of 2 MHz/frame. The
total dose in the first round of irradiation (15 min) is
177 mC cm ™2 and 708 mC cm 2 during the 60 min
irradiation.

The integrated intensity of the NBE is evaluated
between 6.25 eV and 5 eV, while for the UVB emis-
sion, the integrated intensity is obtained between 5 eV
and 3.2 eV.

The SEM images are taken in-situ with a standard
Everhart-Thornley detector for SEs. The CL meas-
urements are carried out at room temperature, with
an accelerating voltage of 5 kV and a beam current
of 150 pA. The CL signal is sent to a spectrometer
by means of an objective (NA = 0.71) placed in the
electron microscope. The system is equipped with a
600 | mm ™! diffraction grating and a Peltier-cooled
charge-coupled device.

AFM measurements are performed using a
Dimension Icon AFM (Bruker) operating in Peak
Force mode and using a ScanAsyst probe.

Raman and PL experiments are carried out with
a Renishaw InVia system, equipped with a confocal
microscope, a 473 nm excitation laser and a 2400
line/mm grating. The Raman measurements are taken
with the following parameters: excitation laser power
1 mW, 10 s acquisition time for each spectrum and a
spot size of 800 nm (100X objective with NA = 0.85).
The PL experiments are carried out with the same
parameters, except for an acquisition of 30 s.
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