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Abstract
Quantum emitters in two-dimensional hexagonal boron nitride (hBN) are of significant interest
because of their unique photophysical properties, such as single-photon emission at room
temperature, and promising applications in quantum computing and communications. The
photoemission from hBN defects covers a wide range of emission energies but identifying and
modulating the properties of specific emitters remain challenging due to uncontrolled formation
of hBN defects. In this study, more than 2000 spectra are collected consisting of single, isolated
zero-phonon lines (ZPLs) between 1.59 and 2.25 eV from diverse sample types. Most of ZPLs
are organized into seven discretized emission energies. All emitters exhibit a range of lifetimes
from 1 to 6 ns, and phonon sidebands offset by the dominant lattice phonon in hBN near
1370 cm−1. Two chemical processing schemes are developed based on water and boric acid
etching that generate or preferentially interconvert specific emitters, respectively. The
identification and chemical interconversion of these discretized emitters should significantly
advance the understanding of solid-state chemistry and photophysics of hBN quantum emission.

Supplementary material for this article is available online
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Introduction

hBN is a two-dimensional (2D) layered material that can be
exfoliated or synthesized with a thickness of a single unit cell,
providing molecularly thin dielectrics [1], chemically resistant
coatings [2] and nanoporous membranes [3]. Since 2016,
atomic defects in hBN exhibiting room-temperature single-
photon emission [4] have been attracting tremendous research
interest. Such unique photophysical properties are highly
desirable for quantum computing and communications [5].
Compared to their bulk counterparts, 2D materials hosting
single-photon sources benefit from higher light extraction
efficiency, and easier integration with on-chip photonic [6]
and optoelectronic devices [7].

A practical challenge lies in the difficulty of engineering
emitting defects with deterministic photophysical properties.
Recent advances in materials science have uncovered that the
emission energy of hBN defects varies from sample to sample
in a wide span, which has been observed in both photo-
luminescence (PL) [8, 9] and cathodoluminescence [10]. hBN
emitters form either naturally in bulk crystals [11], or by post-
processing such as liquid exfoliation [12], electron beam
radiation [13, 14], oxygen atom irradiation [15], oxygen plasma
[16], and argon plasma with subsequent annealing [16]. The
lack of modulating the emission wavelength in more diverse
hBN samples urgently calls for a statistical spectroscopic
investigation, which will deepen the fundamental under-
standing of the origin of hBN quantum emission and bridge the
knowledge gap between different emitter-forming methods.

In this work, we carry out a comprehensive study using a
variety of hBN samples with different layer thickness and
various preparation methods including chemical vapor
deposition (CVD) and liquid-phase exfoliation. A custom-
built confocal spectroscopic microscope equipped with a
piezoelectric stage enables the automation of collecting large
numbers of PL spectra, where minimum manual operation is
needed. To analyse the emission properties, we extract single,
isolated zero-phonon lines (ZPLs) from more than 2000
spectra, with the assistance of a software tool we develop. A
prominent feature of the ZPL ensemble is the quantization
into six ubiquitous emission energies observed across diverse
hBN samples. PL excitation, polarization, and time-resolved
PL measurements are conducted for the six species of the
emitters in detail. We also develop chemical etching schemes
that allow an interconversion of different emitter species,
which strengthens our conclusion that the emission energy
distribution is discretized among hBN emitters. We addi-
tionally demonstrate that high-energy probe-tip ultrasonica-
tion produces the seventh emitter species, exhibiting isotropic
polarization.

Results and discussions

Discretization of emission energies

For optical characterization, we first use multilayer liquid-
exfoliated hBN as a model system. Liquid exfoliation

produces multilayer hBN flakes with a lateral size of hundreds
of nanometres, which are suspended in a water-ethanol mix-
ture. These multilayer flakes were drop-casted onto SiO2/Si
substrates and annealed in Ar for 30 min (supplementary
section 1). Optical micrographs show a representative area
with multiple hBN flakes (figure 1(a)), whose thicknesses of
100–180 nm are obtained by atomic force microscopy
(figure 1(b), a profile in figure S7, and statistics in figure S23).
Using automated confocal spectroscopy (figure S1), the
sample with hBN flakes is scanned, during which a PL
spectrum is collected at each scanning step (supplementary
section 2). Confocal (figure 1(c)) and hyperspectral (figure
S2) PL maps reveal that the emission energy of hBN flakes
spans a wide range. We observe distinctive ZPLs and phonon
sidebands of the first and second order with the distance of
approximately 170 meV between them (figure 1(d)), which is
consistent with the dominant phonon mode [17] in the Raman
response of hBN (figure S3). In a Hanbury Brown and Twiss
interferometry measurement, the second-order photon corre-
lation function exhibits a clear dip below 0.5 at zero delay
time (figure 1(e)), which is characteristic of photon anti-
bunching [5]. Such photon antibunching effects are observed
among emitters with a wide range of emission energies from
∼1.6 to ∼2.3 eV in liquid-exfoliated hBN (figure S4).

Emission energies from various sample preparation
methods are now studied by collecting the set of PL spectra
(figure S6). We extract peak centres by fitting a Lorentzian
function to a ZPL. The emission energy distribution of 264
ZPLs from liquid-exfoliated hBN is plotted in a histogram
(figure 1(f)). The emission energies appear to be discretized
within approximately 40 meV linewidth and are organized
into six modes (figure 1(f)). We then compare the emission
distributions of different hBN samples such as multilayer
CVD-grown hBN (figure 1(g)), monolayer CVD-grown hBN
(figure 1(h) from Graphene Supermarket with atomic force
micrograph in figures S8, S9 from Grolltex), multilayer
liquid-exfoliated hBN modified by chemical etching
(figure 1l), and emission data obtained from a recent cath-
odoluminescence study [10] (figure 1(m)). We also observe a
new emitter species P7 at 1.79 eV that exhibits distinct iso-
tropic polarization by applying probe-tip ultrasonication to
multilayer liquid-exfoliated hBN (figure 1(n)), which we will
discuss in detail later. Notably, the discretization of emission
energies remains almost invariant in all cases, which is
compatible with clustering of emission energies reported on
C-doped hBN [18–20] and B-gettered hBN [21] as well as as-
prepared hBN [22–24].

Regarding the distribution of emitter species, P2 and P3
are the major species in both liquid-exfoliated (figure 1(i)),
multilayer CVD hBN (figure 1(j)), and hBN in literature
(figure S10). P3 is the main emission species in monolayer
CVD hBN from two different vendors, as shown in
figure 1(k) (Graphene Supermarket) and figure S9 (Grolltex,
supplementary section 3). Since we use 532 nm green laser as
the excitation source, the observation of more P2 and P3
emitters could be preferentially populated due to the resonant
phonon effect [25]. We recognize that excitation in UV
[26, 27] and blue ranges [28] allows for observing ZPLs in
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Figure 1. Optical (a) and atomic force micrographs (b) for multilayer hBN flakes from liquid-phase exfoliation. (c) Confocal PL imaging of
these hBN flakes, where the color bar corresponds to the normalized intensity, with blue as 0 and yellow as 1. Scale bars in (a), (b) and (c)
correspond to 10 μm. (d) Zero-phonon lines (ZPLs) between 1.6 and 2.2 eV. Spectra I–VI are obtained at the spots highlighted in (a)–(c), and
ZPLs (+), one-phonon (*) and two-phonon (^) sidebands are observed. (e) Photon correlation curve for P2 in multilayer liquid-exfoliated
hBN with a fit by a simple two-level model showing photon antibunching. (f) Histogram of emission energies from multilayer liquid-
exfoliated hBN, showing six discretized modes at P1 (2.25 ± 0.03 eV), P2 (2.15 ± 0.06 eV), P3 (1.98 ± 0.04 eV), P4 (1.90 ± 0.04 eV), P5
(1.81 ± 0.04 eV), and P6 (1.69 ± 0.06 eV) obtained with multiple Gaussian fits (supplementary information section 4). Histograms of
multilayer (g) and monolayer (h) hBN grown by CVD show the same discretized distribution into six clusters. Light-blue lines are fits with
six-Gaussian function. Histograms of population for P1 through P6 obtained by integration of each Gaussian function corresponding to Pi
(i = 1, 2, K, 6) for (i) liquid-exfoliated hBN, (j) multilayer, and (k) monolayer hBN. Error bars are the standard deviations of the Gaussian
fits. (l) Summary of cumulative boric acid etching to liquid-exfoliated hBN for 1 to 30 min (m) Histogram reproduced from the
cathodoluminescence study of liquid-exfoliated hBN [10], showing the similar discretized modes of P1, P2, P3, and P5. (n) Tip-probe
ultrasonication of liquid-exfoliated hBN produces a new emitter species labeled as P7 at 1.79 eV.
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higher energies. Although the higher energy excitation could
alter the distribution, we focus on the detection range from
∼1.6 to ∼2.3 eV in this study.

From the Gaussian fits to histograms in figures 1(f)–(h),
variability of emission energies for each species can be also
extracted. Here we emphasize that the difference of emission
energies between neighbouring species of Pi and Pi+1 (i = 1,
2, K, 5) ranges from 80 to 170 meV. Although one may
recognize the difference originate from strain and electric
field, the energy differences are larger than the reported
maximum tuning emission energy of 65 meV by strain [29]
and 50 meV by electric field [30]. Moreover, the tuning of
emission energy from strain [31–35] should be continuous,
and not be discretized [31], indicating these effects could not
induce the discretization of emission energies across such a
wide range. The strain and the electric field are more likely to
contribute to the variation of emission energy within each
species because an average linewidth in the Gaussian fits of
57 ± 21 meV is comparable with the tuning range [29, 30].
We note that the variability within emission species also
coincides with the temporal, stochastic spectral fluctuations in
the emission energy of emitters in multilayer CVD hBN,
which is discussed in supplementary sections 7 and 8.

Photophysical properties of each emitter species

We now proceed to investigate photophysical properties of
each emitter species by PL excitation spectroscopy to obtain
insight into the electronic structures [26, 36]. Multilayer
liquid-exfoliated sample is used, where emitters are photo-
stable within the data collection time of 300 s (figure S11,
supplementary section 5). Excitation spectra of P1 through P6
reveal peaks that are notably broader than the ZPLs
(figure 2(a)). The broad peaks in the excitation spectra are
assigned to phonon side bands (PSBs) (figure 2(b)) which is
consistent with [37]. Note that the energy difference between
the ZPLs and the first PSBs is between 158 and 166 meV for
P1 through P5 (PL of PSBs for P6 are beyond the detection
range), as tabulated in table S1. These values of energy dif-
ference correspond to phonon energies of 1274 to 1339 cm−1

in wavenumber (figure 2(c)), which is comparable to the
typical Raman mode in hBN [17] observed at 1367.5 cm−1

(figure S3).
It is also possible to study dielectric environments of

from PL lifetime obtained by time-resolved PL measure-
ments. We compare PL lifetimes among different emitter
species for multilayer liquid-exfoliated hBN and monolayer
CVD hBN (figure 2(d), typical PL decay curve for P2 in
figure S12, supplementary section 6). The lifetime is found to
be independent of the emitter species in both multilayer
liquid-exfoliated and monolayer CVD hBN (figure 2(d)).
Monolayer hBN has a shorter average lifetime of 1.4 ± 0.47
ns than that of 2.5 ± 1.3 ns in multilayer hBN. This effect
could be amplified in atomically thin materials, since the
emitting structures are more likely to be exposed to external
environment [38]. For monolayer hBN, emitters must stay in
contact with the external atmosphere and the substrate.
Similarly, for multilayer hBN, emitters located near the top

surface or the bottom substrate can be quenched due to
interactions with external gas or solid-state energy sinks. By
contrast, emitters embedded within the crystal are in better
encapsulation, and thus should exhibit longer lifetimes. As a
result, the broad lifetime distribution in multilayer samples
can be attributed to emitters located in different layers
of hBN.

To better understand the dipole nature of each emitter, we
investigate the polarization dependence of ZPLs for P1
through P6 in multilayer liquid-exfoliated hBN. Excitation
and emission polarization measurements of emitters show a
two-fold symmetry for all the emitter species as presented in
figure 2(e). Consistent with previous reports [4, 39–42], the
observed two-fold symmetry indicates that the excitation in
liquid-exfoliated hBN is a single, linearly polarized dipole
transition, independent of the wide range of emission ener-
gies. We also observe lower polarization degree in the exci-
tation than emission in most emitters (figure 2(e)). The
relatively low polarization degree in excitation could originate
from excitation of multiple dipoles whereas the higher
polarization in emission could be attributed to relaxation to
lowest states accompanied with emission. We also note that
asymmetric polarization degree in figure 2(e) may be artefacts
of the optical setup. However, the obtained polarization
angles are accurate because the intensity maxima are still on
the same axis.

The excitation and emission polarization dependence
shows angle difference, and more data of polarization angle
differences are collected for all the emitter species. The
excitation and emission polarization angles are rarely aligned,
and the angle difference varies from 0 to 90 degree across a
wide emission energy range of P1 through P6 (figure 2(f)). In
contrast to the previous reported results at cryogenic tem-
peratures,[30] the angle difference of P1 (2.25 ± 0.05 eV) and
P2 (2.15 ± 0.05 eV) emitters (with emission energies close to
the 2.33 eV excitation) are not clustered near 0 degree at room
temperature, but instead around 80 degree (figure 2(f)).

Preferential interconversion among different emitter species by
chemical etching

We now turn to modifying the emitters’ optical properties by
boric acid etching (detailed in supplementary section 9, 10).
We first focus on liquid-exfoliated hBN that is stable and non-
blinking emitters and thus a model system for etching. Before
and after boric acid etching, PL spectra for the same hBN
flakes are taken and hyperspectral maps are constructed.
Examples of such mapping in figure 3(a) show that the boric
acid etching modulate the ZPL spatial distribution of each
emitter species Pi (i = 1, K, 6). The hyperspectral maps are
statistically analyzed by extracting point-to-point PL spectral
change, and we find that the change in the spectra is mainly
grouped into four categories: unchanged ZPLs (figure 3(b)),
ZPLs disappearing and turning into non-emission modes
(figure 3(c)), new ZPLs appearing from non-emitting regions
(figure 3(d)), and interconversion from Pi to Pj (i, j = 1,K, 6)
(figure 3(e)).
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Figure 2. (a) PL and PLE spectra of multilayer liquid-exfoliated hBN for P1 through P6 showing different resonant energy to excitation,
where the zero-phonon lines and phonon sidebands are labeled with ‘+’ and ‘

*,’ respectively. (b) PLE maps of multilayer liquid-exfoliated
hBN for P1 through P6, where zero-phonon line of Pi (i = 1,K, 6) and first PSB (*) are indicated by arrows. The color bars in (b) correspond
to the normalized intensity, with blue as 0 and yellow as 1. (c) Orange scatter plot is extracted from PL excitation profiles (PLE), and blue
scatter plot is extracted from PL spectra. The dashed lines indicate zero-phonon line (ZPL), one-phonon sideband (1-PSB), and two-phonon
sideband (2-PSB), respectively. (d) Average PL lifetime for multilayer liquid-exfoliated hBN and monolayer CVD hBN obtained by a fit of
mono-exponential function. (e), Excitation (blue) and emission (orange) polarization dependent PL intensity in multilayer liquid-exfoliated
hBN from representative P2, P3, P4 and P6 emitters, where the total rotation angle is 720˚ for each measurement. The angle difference
between excitation and emission is summarized in a scatter plot (f), with emitter species of P1 through P6 corresponding to different emission
energies.
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Figure 3. (a) Hyperspectral PL mapping of multilayer liquid-exfoliated hBN in the same region of 10 × 10 μm with 1-μm step, before (row I)
and after (row II) boric acid etching at 850 °C for 10 min Each column corresponds to a specific Pi (i = 1,K, 6). In each color map, x- and y-
coordinates denote the location of an emitter, and the color of a pixel indicates the normalized intensity of a ZPL to the maximum intensity.
Note that (a)–(g) are obtained from the same data set characterizing the boric acid etching. Typical spectral changes between pre-etch (blue)
and post-etch (orange) measurements are shown in (b) unchanged, (c) disappearing of ZPLs into non-emitting mode, (d) appearing of new
ZPLs from non-emitting region, and (e) interconversion of ZPLs. (f) Emitter species distributions of pre-etch and post-etch measurements are
presented with the percentage of each emission species. Percentage of (g–i) unchanged, (g–ii) disappearing ZPLs, and (g–iii) interconverting
of ZPLs for each emitting species. (h) Emitter species distribution before and after 30 min boric acid etching. (i) Distribution with 30 min
boric acid etching of monolayer CVD hBN. (j) Distribution with water vapor etching of liquid-exfoliated hBN at 850 °C for 10 min (k)
Percentage of disappearing ZPLs in the experiments of (j).
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We now consider the first three cases including
unchanged, disappearing, and appearing based on the statis-
tical analysis. The distributions of the post- and pre-etch
emitter species are presented in percentage of each species
(figure 3(f)) and in count numbers (figure S19). The total
distribution of P2 shows that the percentage increases
(figure 3(f)) while the point-to-point analysis shows that 40%
of P2 is unchanged (figures 3(g–i)) and less than 10% of P2 is
disappearing and appearing by the etching (figures 3(g–ii)).
From these results, that boric acid etching rarely creates new
emitters, and some emitters show interconversion.

We then consider the case of interconversion where one
species is converted into another. Interconversion pathways
between Pi (i = 1, K, 6) and Pj ( j = 1, K, 6) are counted
(summarized in figure S20) and probabilities of the inter-
conversion are presented in a map (figures 3(g–iii)). The most
probable pathway is P3 converting into P2. As shown in
figure 3(e), the difference between P3 and P2 is approximately
200 meV, which is much larger than the maximum tuning
limit of 65 meV or 50 meV by strain or electric field [29, 30].
In fact, an interconversion from P4 to P1 is also possible,
where the emission energy changes approximately 350 meV.
While we could not completely rule out the possibility of
disappearing and appearing occurring at the same measure-
ment spot, the probability of such events is enough low
(figures 3(g–ii)).

Time evolution of the etching process should provide
insight to the defect structure in terms of thermodynamics. By
extending the boric acid etching time to 30 min (figure S21),
we observe that the percentage of P2 increases after etching
(figure 3(h)), in agreement with the trend in shorter time
etching (figure 3(f)). Interconversion from P3 into P2 is also
observed by monolayer CVD hBN where P3 decreases sig-
nificantly and P2 increases (figure 3(i)). In all three cases of
boric acid experiments, P2 becomes the dominant mode after
etching. These results suggest that P2 could originate from a
more thermodynamically stable defect structure.

Etching process is investigated by comparing with water
vapor etching that should show different chemistry. The
percentage of each emitter species in the distribution does not
change significantly after water vapor etching (figure 3(j)).
Moreover, the main spectral change in the point-to-point
analysis involves ZPLs disappearing i.e. converting into non-
emission species and new ZPLs appearing from non-emitting
regions (figure 3(k)). Water vapor etching deactivates
approximately half of all existing emitters, with no obvious
preference for a specific Pi (i = 1, K, 6). We find that water
vapor reduces large numbers of existing emitters and simul-
taneously generates new emitters, whereas boric acid prefers
modifying existing emitters. It should be noted that the
emission energy distribution remains discretized after both
chemical etching processing (figure 1(l)). These results
strengthen the assertion of a discretized emission energy
distribution since the same emission species P1 through P6 are
observed after chemical modifications.

One possible explanation is that water has a much
smaller molecular size, and thus could intercalate between
hBN layers more easily at high temperatures [43]. Although

boric acid also release water, the water concentration during
water vapor etching is relatively stable and uniform inside the
quartz tube, reaching approximately 2 vol%. Accordingly,
water vapor etching could correspond to a much faster etching
kinetics. At high temperatures, boric acid [44] and water
could both form hydroxyl radicals (•OH), thereby promoting
the etching [45] of dangling bonds [46] and enlarging existing
lattice vacancies. This etching process leads to the deactiva-
tion by water vapor etching, transforming into larger defects
that are no longer emitting. Meanwhile, new defects could
form due to water vapor etching, thus leading to the appear-
ance of new emitters in previous non-emitting regions.
According to the above analysis, it is highly likely that the
structural origin of emitters is related to the vacancy size of
defects.

It is also possible that non-emitting defects get activated
by protonation and hydroxylation during etching [18, 46, 47].
These functionalization groups could provide an out-of-plane
component to the defect structures, which could significantly
change the photophysical properties of defects. Boric acid
could induce oxygen-incorporated BN structures due to the
strong B-O bonds sustained at high temperatures [18]. Note
that in both boric acid and water vapor etching, no large
amounts of additional elements are brought in, besides H, O,
B only in boric acid, likely some C easily found in the
environment, and possibly small amount of Si existing in the
quartz tube of the furnace and the SiO2 substrate. Yet the
emission energies could be modulated significantly. It should
be noted that thermal annealing alone, and a wide range of
other processing conditions, do not alter the emitter popula-
tion significantly (figure S22, supplementary section11).
Consequently, in addition to the vacancy size, functionaliza-
tion of vacancy edge atoms e.g. with -H and -OH as well as
substitution of O and possibly C in the hBN lattice [18, 48]
could play key roles in determining the photophysical prop-
erties of emitting defects.

Generating the seventh emitter species by ultrasonication

By using a harsher treatment method to liquid-exfoliated
hBN, a previously unobserved emitter species is generated
and characterized. Liquid-exfoliated hBN purchased from
Graphene Supermarket is ultra-sonicated with a probe tip for
up to 60 min, followed by annealing at 850 °C in Ar for
30 min The high-energy tip sonication significantly modifies
the morphology of liquid-exfoliated hBN where hBN flakes
become thinner and smaller (figure S23) but the same che-
mical components (figure S24, supplementary section 12).
The sonicated hBN shows narrower ZPLs than as-prepared
hBN by 4 meV and broad PLE peak spanning from 2.2 to
2.28 eV with no clear PSBs (figures 4(a) and S25). The
emission energy is centered at 1.79 eV lower than P5 by
20 meV, and the new emitter species is labelled as P7. As the
sonication time increases, the new P7 becomes dominant
(figure 4(b)). We find that the probability of observing P7
increases up to 50% with ultra-sonication time extending to
60 min (figure 4(b)), while the percentage of P2 and P3 species
consistently decrease.
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The nature of the dipole for P7 is characterized by
polarization-dependent PL and photon correlation measure-
ments. Polar plots for P7 exhibit an isotropic polarization
(figure 4(c)) in excitation and near-isotropic in emission, in
contrast to the two-fold linear polarization of previously
discussed P1 through P6. Here we note that boric acid and
water vapor etching do not change the two-fold linear
polarization of emitters in liquid-exfoliated hBN. The second-
order photon correlation measurement reveals that P7 is not a
single-photon emitter (figure 4(d)). During ultra-sonication
treatment, the acoustic cavitation from micro-bubble collapse
is known to generate a destructive water jet, and induce high
temperatures up to 5000 °C in local regions [48]. Addition-
ally, hBN flakes are surrounded by water molecules, which
could functionalize flake edges as well as vacancy edges
during the sonication process. We therefore propose that tip
sonication could generate P7 emitters along the edge of a flake
(figure 4(e)), leading to the superposition of multiple mirror-
symmetric dipoles, which could explain the observed iso-
tropic angular dependence of polarization in both excitation
and emission.

Conclusion

In conclusion, we have presented a systematic statistical study
of diverse hBN emitters by analysing more than 2000 spectra,
with the automated spectroscopic approach we develop. We
have observed six discretized emission energies (P1 through
P6) ubiquitously across a broad range of hBN samples, that
are of different layer thicknesses and prepared by various
methods. The PL excitation, polarization and time-resolved
measurements reveal fundamental photophysical properties of
each discrete emission species (Summary in table S3). The
boric acid etching at high temperatures preferentially converts
P3 into P2, whereas water vapor etching reduces the number
of active emitters evenly and simultaneously generates emit-
ters. In addition, we have demonstrated that high-energy tip-

probe ultrasonication induces a new emission species P7 that
is not observed in hBN samples prepared by other methods.
The observation of discretization and the chemical modula-
tion is a cornerstone for understanding structural origins of
hBN and further correlating a specific type of emitters, such
as spin-active emission [49–53]. The facile chemical etching
schemes should provide scalable post-processing routes for
on-demand photonics of 2D materials.
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