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ABSTRACT

Reliable methods to create quantum emitters in hexagonal boron nitride (hBN) are highly sought after for scalable applications in quantum
photonic devices. Specifically, recent efforts have focused on defects in hBN with a zero phonon line at 2.8 eV (436 nm). Here, we employ
carbon-doped hBN crystals that were irradiated by an electron beam to generate these emitters and perform annealing treatments to investi-
gate the stability of the emitters. We find that the blue emitters are stable up to �800 �C. However, upon annealing to 1000 �C, the emitters
disappear, and a family of other emitters appears in the region of hBN that had been irradiated by an electron beam. Our findings contribute
to the understanding of emitter species and emitter formation in hBN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155311

Explorations of quantum emitters in solid-state systems are contin-
ually expanding, establishing real-world quantum technologies based on
single photon emission—including quantum communications and
quantum sensing.1–3 Recently, hexagonal boron nitride (hBN) has
emerged as a compelling solid-state platform for quantum photonics.4–7

It hosts a variety of quantum emitters that operate at room temperature
and exhibit excellent optical characteristics.8–15 Some of the defects also
possess favorable spin-photon interfaces addressable by optically
detected magnetic resonance (ODMR) spectroscopy.16–22

Recently, a class of quantum emitters in hBN (termed “blue
emitters”) has gained attention due to the ability to engineer them
on demand with a high degree of spatial precision. Unlike the so-
called visible quantum emitters in the red spectral range, the blue
emitters have a consistent zero phonon line (ZPL) at �436 nm and
can be engineered deterministically using a focused electron
beam.5 The emitters have superior optical properties in terms of
spectral stability at cryogenic temperature—indeed, subgigahertz
linewidths have been reported in a number of studies, as have
indistinguishable photons.4,5,23–25 While their atomic structure
remains unknown, numerous proposals have been put forward,
including split interstitial defects.5,26,27

In this work, we study the effect of annealing on the blue emit-
ters. We start with a carbon-doped hBN crystal, with a pronounced
defect emission at �4.1 eV (305nm) that is known to correlate with a
high formation probability of the blue emitters by electron irradia-
tion.27,28 We note that the ZPL of this defect shows slightly different
values at the range of 300–305nm (4.07–4.13 eV) and, hence, is com-
monly referred to as a 4.1 eV defect. Figure 1(a) shows a representative
optical image of a carbon-doped hBN crystal.28 To generate blue emit-
ters, several hBN flakes with various thicknesses were exfoliated and
irradiated using a scanning electron microscope (SEM). Figure 1(b)
shows cathodoluminescence (CL) spectra of a single region before and
after electron irradiation. Both spectra show the UV peak at 305nm,
along with phonon replicas at 319 and 334nm. After electron irradia-
tion, the blue emitters emerge with a ZPL at 436nm.5

To investigate the effects of annealing temperature on blue emit-
ters, a 4� 4 array of emitters was fabricated by an electron beam in a
carbon-doped hBN flake. The electron beam energy, current, and
exposure time per spot were 10 keV, 2.4 nA, and 10 s, respectively.
Figure 2(a) shows a confocal map recorded at room temperature using
a 405nm laser. Figure 2(b) shows a representative spectrum of a single
quantum emitter acquired from one spot in the array, with a
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FIG. 1. (a) Optical image of carbon-doped hBN crystals. The scale bar is 200lm. (b) CL spectra from a single region of a carbon-doped hBN flake before and after blue emit-
ter creation by electron beam irradiation.

FIG. 2. Annealing of a 4� 4 blue emitter
array fabricated by electron irradiation of
hBN. (a) Confocal map of the emitter
array and (b) a corresponding emission
spectrum collected from one spot in the
array acquired before annealing. (c)–(f)
Corresponding confocal maps collected at
room temperature after each annealing
treatment. The scale bar is 5 lm.
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characteristic emission at �436nm, consistent with prior reports.5,27

The sample was then placed into a furnace for annealing in 1Torr of
argon. A sequence of one hour annealing treatments was performed at
temperatures of 200, 400, 600, 800, and 1000 �C. After each treatment,
we collected a confocal map of the array. When the temperature is
increased up to 800 �C, no significant change in luminescence was
observed, and the array remained intact, as is illustrated in Figs.
2(c)–2(f). Furthermore, no other localized spots (indicative of emit-
ters) were observed in the confocal maps.

To further characterize the effect of the annealing treatments, we
fit each spectrum with multi-Lorentzian functions to extract the zero
phonon line (ZPL) intensity, position, and full width at half maximum

(FWHM). As shown in Fig. 2(b), fitting reveals four peaks correspond-
ing to a ZPL followed by phonon sidebands (PSBs). Figures 3(a) and
3(d) show the relative ZPL intensity vs annealing temperature. Figures
3(b), 3(e), 3(c), and 3(f) show the change in the ZPL position (DZPL)
and change in the FWHM (DFWHM) relative to their original values
prior to annealing at 200 �C. Figures 3(g)–3(i) show the coefficient of
variance (the ratio of the fitting uncertainty to the corresponding fit-
ting parameter) of the ZPL intensity, ZPL and FWHM, respectively.
The results show that the emissions remained relatively unchanged
after the annealing treatments. Notably, none of the emitters disap-
peared even after annealing at 800 �C. After 800 �C annealing, the
larger distribution of intensities and FWHM values and the increased

FIG. 3. Effects of annealing treatments on
spectral characteristics of the emitters in
16 spots. The change in the relative value
[(a)–(c)], the absolute value [(d)–(f)], and
the corresponding coefficient of variance
[(g)–(i)] of the ZPL intensity, ZPL, and
FWHM of each emitter in the array as a
function of the annealing temperature. The
coefficient of variance is defined as the
ratio of fit uncertainties to the correspond-
ing absolute value. The 16 symbols in
each figure represent the emitters in the
array.
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intensity for most emitters are both likely due to an increase in over-
lapping background luminescence.

However, upon annealing at 1000 �C, the array of blue emitters
disappeared and a high density of other randomly distributed emitters
appeared in the same area, as is shown by the confocal PL map in Fig.
4(a). Most spots seen in the confocal map correspond to single emit-
ters. We characterized 27 emitters from this area at room temperature
using the same excitation conditions as above. The room temperature
characteristics of one of these emitters are shown in Figs. 4(b)–4(d).
The emitter has a ZPL at 430nm (�2.9 eV) and a phonon sideband at
456nm (�2.7 eV). The emitter stability is illustrated by a time series
of spectra acquired over 2min [Fig. 4(c)], and the photon purity by
the second-order autocorrelation function is shown in Fig. 4(d). Figure
4(e) shows a histogram of the ZPL position and FWHM taken from
the formed emitters. The FWHM spans �4.5–10nm, and the ZPL
wavelength distribution spans�420–480nm.

Finally, to characterize the formed emitters further, we collected
spectra from ten separate emitters at 5K [Fig. 4(f)]. As the temperature
reduces, the ZPL becomes narrower and phonon sideband less pro-
nounced.4,23,29 Note that resonant excitation of these emitters was not
achieved, likely due to ultrafast spectral diffusion or phonon broadening.

The results in Fig. 3 illustrate that the blue emitters (ZPL position
� 436nm) are able to withstand annealing temperatures of up to at
least 800 �C, with minimal effects on brightness, ZPL position, and
FWHM, and spatial location of the defects in hBN. This emitter has
previously been assigned to a split interstitial defect,26 which is consis-
tent with our results. At 1000 �C, the defects responsible for the blue
emission either dissociate or re-structure into another configuration.
The 1000 �C anneal generates a family of other emitters (Fig. 4) with a
ZPL wavelength distribution that is very broad compared to that of
the blue emitters. The spatial positions of the generated emitters are
not correlated exactly with the original 4� 4 blue emitter array, but

FIG. 4. Optical characterization of the
emitters generated by annealing at
1000 �C. (a) Confocal map of the area
that contained the original 4� 4 array
shown in Fig. 2. The white dotted circles
indicate the disappeared positions of the
original 4� 4 array. The scale bar is
5lm. (b) PL spectrum of an emitter (black
circled-marked position) that formed after
annealing at 1000 �C. (c) Spectra vs time,
acquired over 2 min to illustrate the spec-
tral stability of the emitter. (d) Second-
order autocorrelation function of the
emitter. The dip of <0.5 at zero delay
time indicates single photon emission. (e)
Histogram of the ZPL wavelength and
FWHM of the generated emitters. (f)
Cryogenic spectra of ten generated emit-
ters collected at 5 K.
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they were found only in the general region that contained the array.
This indicates that (i) the electron beam irradiation that was used to
generate the blue emitter array plays a role in the generation of other
emitters upon annealing at 1000 �C, and (ii) defect diffusion takes
place at 1000 �C. That is, the formed emitters are generated in a two-
step process of electron beam irradiation at room temperature and
high-temperature annealing, which gives rise to defect restructuring
and diffusion in hBN.

We also note the creation of other emitters at 1000 �C resembles the
behavior of the more commonly known carbon-based defects, associated
with emission at the red spectral range.30–33 The resemblance is in both
their emission properties (ZPL and FWHM) as well as in their spectral
distribution. Note that since a majority of works focused on hBN quan-
tum emitters excite at 532nm, the blue spectral range was mostly ignored
so far.6,34–36 As reported by our previous study, the carbon-doped hBN
used in this work would support the existence of carbon-based emitters.
Indeed, both annealing and electron irradiation have been shown to acti-
vate visible emitters in hBN with ZPLs> 550nm.5,31,32,37

In conclusion, we investigated the behavior of blue quantum
emitters in hBN after various annealing treatments. The emitters are
stable up to �800 �C; however, when the annealing temperature
increases to 1000 �C, the blue emitters disappear. Interestingly, at this
temperature, a family of other quantum emitters appears, resembling
the more commonly known visible emitters. Our studies contribute to
the growing understanding of quantum emitters in hBN and their
future deployment in quantum applications.
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