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ABSTRACT: Hexagonal boron nitride (hBN) is a promising
host material for room-temperature, tunable solid-state
quantum emitters. A key technological challenge is deterministic and scalable spatial emitter localization, both laterally and
vertically, while maintaining the full advantages of the 2D
nature of the material. Here, we demonstrate emitter localization in hBN in all three dimensions via a monolayer (ML)
engineering approach. We establish pretreatment processes for
hBN MLs to either fully suppress or activate emission, thereby
enabling such diﬀerently treated MLs to be used as select
building blocks to achieve vertical (z) emitter localization at the
atomic layer level. We show that emitter bleaching of ML hBN can be suppressed by sandwiching between two protecting hBN
MLs, and that such thin stacks retain opportunities for external control of emission. We exploit this to achieve lateral (x−y)
emitter localization via the addition of a patterned graphene mask that quenches ﬂuorescence. Such complete emitter site
localization is highly versatile, compatible with planar, scalable processing, allowing tailored approaches to addressable emitter
array designs for advanced characterization, monolithic device integration, and photonic circuits.
KEYWORDS: hBN, graphene, 2D materials, single-photon emission, point defects, spectroscopy, quantum emission
defect creation/activation17,33,34 to substrate topography and
strain engineering via, for example, nanopillars.6,35,36 Most
such experiments have been carried out with thick, exfoliated
hBN ﬂakes limited in area, combined with empirical SPE
activation steps,5,17,34,37 or with grown multilayer hBN of
typically not well-deﬁned structure and purity.38,39 Neither
approach oﬀers precise emitter localization across the ﬁlm
thickness (in z direction). Throughout the plethora of x−y
localization approaches, the challenge is to overcome
compromises between SPE yield, spatial resolution, scalability,
and ease of device integration. Pillared substrate approaches,
for instance, lose the many advantages of the planar 2D nature
of the host material, especially considering coupling to
photonic circuits and monolithic integration.
Here, we report a bottom-up assembly approach based on
individually processed monolayers (ML) to achieve scalable,

T

he simple 2D lattice structure of hexagonal boron
nitride (hBN) combined with its large band gap,1 high
thermal conductivity,2 and exceptional environmental,
thermal, and chemical stability3,4 has established it not only as
a widely used support, encapsulant, and barrier material but
also as a solid-state host material for active atomic vacancies/
defect structures.5−8 The recent demonstration of bright,
stable, tunable single-photon emission (SPE) with Fourier
transform limited line widths at room temperature9,10 and the
potential to act as a spin−photon interface11−15 have led to
signiﬁcant interest in this family of defects and their potential
use in nanophotonics, sensors, and quantum metrology and
technology.16−22 The microscopic nature of such quantum
emitters is still under debate because the generation or
activation mechanisms remain poorly understood, and their
deterministic and scalable spatial localization, both laterally
and vertically, remains a technological challenge. Localization
is particularly important to enable eﬀective and reﬁned
fundamental studies of the emissive defects, their stability,
and response to strain and coupling to external electric or
magnetic ﬁelds13,18,19,23,24 but also toward integrated device
technology.25−29 A range of approaches have been explored for
lateral (x−y) SPE localization, ranging from deterministic hBN
placement or growth,30,31 localized etching, removal,25,32 or
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planar emitter localization in hBN in all three dimensions. We
thereby build on recent progress in the chemical vapor
deposition (CVD) of large-area, highly crystalline graphene
and hBN MLs and matched transfer approaches.40−42 We
establish pretreatment processes for CVD hBN MLs to either
fully suppress or activate emission, to be able to utilize such
diﬀerently treated MLs as select building blocks. We show that
known emitter bleaching in air of ML hBN43,44 can be
suppressed by sandwiching between two protecting hBN MLs.
Such trilayer stacks and ultrashallow z localization retain many
opportunities for external control of emission, quantum
sensing, and metrology and eﬃcient coupling to waveguides,
ﬁbers, or plasmonic and photonic cavities. Graphene is highly
eﬃcient in quenching ﬂuorescence,18,45−48 and we combine
the trilayer hBN structure here with a patterned CVD
graphene mask to achieve addressable emitter arrays and
eﬀective lateral (x−y) emitter localization down to single
emission sites (Figure 1), controlled by the average emitter

Figure 1. Schematic of monolayer stack engineering for 3D emitter
localization.
Figure 2. ML hBN processing: (a) (i) Bar chart of average
emission site densities in ML hBN and corresponding PL images.
The error bars represent the standard deviation of the emission
site density, calculated across all the regions and samples scanned.
PL images comprise 100 frames collected with a wide-ﬁeld
microscope using a 532 nm continuous-wave laser after diﬀerent
post-transfer treatments of ML hBN: (ii) as-transferred (hBN),
(iii) air annealed (O-hBN), and (iv) air then Ar annealed (OAhBN). (b) Average Raman spectra of ML hBN, ﬁtted with a
Lorentzian, after the various treatment steps. The peak at ≈1368
cm−1 shows the E2g of crystalline hBN, and the features at 2880−
3000 cm−1 represent the C−H vibrational mode of polymer
residue. Air annealing cleans away the polymer residue (i), while
all anneals degrade the hBN to diﬀerent extents (ii).

density and quench mask dimensions. Such complete emitter
site localization is scalable and versatile, key to advanced
characterization and device integration approaches. We discuss
hBN emitter densities for every pretreatment and stacking step,
bringing together the previous diverse literature on color
center activation, the role of impurities such as carbon, and
graphene rulers.17,47,49

RESULTS AND DISCUSSION
We ﬁrst systematically investigate the eﬀect of diﬀerent
treatment methods on the cleanliness and emitter densities
of CVD-grown and transferred hBN MLs on SiO2/Si
substrates. Figure 2 shows the average emission site densities
and Raman signatures of such ML hBN ﬁlms. Our process
builds on previously developed ML hBN growth by CVD on
Pt, allowing direct peeling transfer using a polyvinyl alcohol
(PVA) support that can subsequently be dissolved in water
(see Experimental Methods).40 The as-grown hBN is highly
crystalline with an average in-plane crystal domain size on the
order of 40 μm, from a growth temperature of ∼1090 °C. We
utilize a custom-built, wide-ﬁeld, single-molecule ﬂuorescence
microscope to enable high-throughput, large-area characterization.43,44 Figure 2a shows representative photoluminescence
(PL) images after each annealing step. Each image is the
projection of 100 frames summed into a single image to display
the emission site densities irrespective of ﬂuorescence
intermittency (so-called blinking) and photobleaching insta-

bilities. Consistent with previous work, the emission sites
appear randomly spatially distributed, and we do not observe
any preferential emission at grain boundaries or folds in the
hBN ML.43,50,51 The emission site density was generated using
ﬁlter and contouring image analysis (see Experimental
Methods), with the plotted values corresponding to
representative aerial averages of at least two samples and
over 20 60 × 60 μm areas scanned for each sample. Astransferred hBN shows an emission site density of 0.030 ±
0.013 μm−2. Average Raman spectra (Figure 2b) show the
hBN E2g phonon mode centered at 1368.7 ± 1.0 cm−1 with a
fwhm of 19.2 ± 1.8 cm−1 in the as-transferred hBN. The
Raman features between 2880 and 2950 cm−1 indicate residual
PVA contamination,52,53 highlighted further by an increased
B
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Figure 3. hBN layer number optimization: (a) emission site density vs time for mono- (OA-hBN, red), bi- (OA/O-Bi-hBN, black), and
trilayer (O/OA/O-Tri hBN, blue) hBN stacks under continuous laser exposure, with extrapolated half-life times shown. (b) Histogram plot
of emission site bleaching times under continuous illumination. Increased noise going from OA-hBN to OA/O-Bi h-BN and O/OA/O-Tri hBN reﬂects increased emission site stability and the thus increased likelihood of initially dark emission sites turning on during the measured
time. (c) Average Raman spectra of the hBN E2g phonon mode after all treatments and the addition of each hBN layer, according to the
schematic in Figure 1. (d) Optical image of the three individual layers making up the O/OA/O-Tri hBN, highlighting the additional contrast
of each layer (L). The dashed lines are added as guides for the eye.

step height of 0.8 ± 0.1 nm measured by AFM (see Supporting
Information (SI), Figure S1b), compared to 0.5 ± 0.1 nm for
cleaned samples (see SI, Figure S1c). Such polymer residues
are known to give rise to localized emission within the same
spectral range, 570 to 620 nm, as the various hBN lattice
defects.43,54,55 Using a “dummy” transfer without hBN (see
Experimental Methods), we estimate the emission site density
attributable to PVA residuals and other background/
adsorbates to be ∼0.007 emission sites/μm2 (see SI, Figure
S4a), that is, constituting about 17% of the overall emission
site density of the as-transferred hBN ﬁlm (Figure 2a, green
band).
In order to minimize the background emission from organic
contamination, we adopt a post-transfer air annealing step.
Figure 2b shows the eﬀectiveness of air annealing at 450 °C for
an increasing length of time (see Experimental Methods), as
measured by Raman spectroscopy. Polymer residues with a
Raman ﬁngerprint at 2880−2950 cm−1 are largely removed
after 20 min. We ﬁnd some sample regions to maintain a
persistent background, which necessitates longer annealing
times (see SI, Figures S2a and S3a). However, there is a clear
compromise between eﬀective removal of such contamination
and degradation of the hBN ML. We ﬁnd a systematic decrease
of approximately 80% of the peak intensity of the hBN E2g
phonon mode with increasing air annealing time, as well as a
systematic increase in the fwhm from 19.2 to 37.8 cm−1 after 3
h (Figure 2b; see also SI, Figure S2b). This oxidation of our
CVD-grown ML hBN appears distinct to the previously
reported stability of exfoliated MLs,3,56−58 which is discussed
below. The chosen annealing at 450 °C for 20 min reﬂects a
compromise between suﬃcient residue removal and limited
hBN oxidation. Figure 2a shows that such air annealing
depletes the measured emission site density to a level
comparable to blank Si/SiO2 (see SI, Figure S4); that is, no
emission from hBN is seen anymore.
This complete depletion motivates the introduction of a
successive process step to (re)activate and control the hBN
emitter density. Ar annealing has been widely reported to
enhance the emitter density for exfoliated multilayer/bulk hBN
samples, with the underlying mechanisms remaining elusive.5,59 We adopt an 800 °C Ar annealing step for 30 min (see

Experimental Methods) and explore its eﬀect on transferred
ML CVD hBN. Without prior air annealing, Ar annealing does
not remove above-described polymer residues but rather leads
to their graphitization, which can be clearly seen in Raman and
PL measurements (see SI, Figure S6), consistent with previous
literature.18,37 Figure 2a shows that such Ar annealing carried
out after prior air annealing leads to a signiﬁcant increase in
emission site density to 0.060 ± 0.009 emission sites/μm2.
Unlike for as-transferred hBN, the observed emission after the
air and Ar annealing steps can be fully assigned to defects
hosted in hBN (excluding some transient adsorbate molecules
that show very limited stability on blank samples).
We systematically compare diﬀerent types of as-prepared
ML hBN with Raman spectroscopy. Figure 2b(ii) plots an
average of Raman hBN E2g peaks after successive annealing
steps. The ﬁtted peak position of the hBN shifts by ∼0.5 cm−1
after 20 min of air annealing up to a maximum shift of 2.7 cm−1
after 1 h. Figure 2b(ii) shows that 20 min of air annealing
followed by 30 min Ar annealing shifts the peak position by 2.5
cm−1. The nearly identical shift between the 1 h of air
annealing (Figure 2b(i)) and the combined 50 min air and Ar
annealing suggests that a physical process arising from heating
causes the shift of the E2g peak, irrespective of the gas
atmosphere and temperature (450 or 800 °C) in the time
scales used. We, therefore, assign this peak shift to strain
change in the hBN, consistent with previous literature.60 This
is supported by the observation of no further E2g peak change
upon additional air annealing (Figure 2b(ii)). Figure 2a shows
that a second air annealing step following the above-described
air and Ar annealing steps leads again to a complete depletion
of emission site density. In the following, we focus on a single
air (O-) and Ar annealing (A-) step sequence with the above
conditions, with the combined treatment being denoted by
OA-. We note that the combination of such post-transfer
process steps gives many parameters for optimization to
suppress deleterious emission from contamination and to
control the emission site density in a hBN ML.
The above results focused on controlling emission from a
hBN ML. Figure 3a shows that such emission suﬀers from
strong bleaching in atmosphere, consistent with previous
literature.5,33,43,61 This is emphasized by a half-life of 10.5 s for
C
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With emission sites protected from photobleaching and
localized vertically (in z direction) in such atomically thin
stacks, we can explore further improvements to emitter
addressability. We exploit the strong ﬂuorescence quenching
seen for graphene18,45−47 and introduce lateral emitter
localization by adding a patterned ML graphene mask to the
hBN stack (Figures 1 and 4). For this, we employ Cu-

the emission site density of the ensemble (see Experimental
Methods). Figure S7 shows example spectral data of such
bleaching. We evaluate the addition of 1 or 2 hBN MLs to
“sandwich” the hBN emitter layer (Figure 1), as the thinnest
possible structure to suppress such bleaching. Table S1 oﬀers a
schematic overview of the process ﬂow and sample structures.
Bilayer stacks were created by transferring another hBN ML on
top of an OA-treated hBN ML followed by an O-treatment of
the bilayer to remove residue and quench all emission from the
top layer (see Experimental Methods). The as-produced hBN
bilayer stack (OA/O-Bi-hBN) consistently showed an
increased Raman intensity (Figure 3c) with an average peak
intensity increase of approximately 75% over OA-hBN and an
average fwhm of 20.7 ± 2.1 cm−1. However, whereas Figure 3a
shows that the additional hBN ML aﬀords some protection,
the extrapolated half-life time of 64 s remains short. Thus,
trilayer samples were made, starting with the same process
steps as for the bilayer. However, following the transfer of the
top layer onto the OA-hBN, instead of an O-treatment step (as
for bilayer), the stack was transferred from its initial Si/SiO2
support onto another wafer which already had an O-hBN ML
present. The as-produced trilayer was then O-treated to
remove residue and quench all emission from the top layer
(see Experimental Methods). The ﬁnal trilayer O/OA/O-Tri
hBN stack matches the schematic of Figure 1 and shows a
signiﬁcant level of protection from photobleaching with an
extrapolated half-life time of 1520 s. Its averaged Raman peak
intensity is approximately 185% greater than that of OA-hBN
with a fwhm of 23.0 ± 2.9 cm−1. The relationship between the
peak intensity and layer number previously reported still holds
even after all the annealing treatments,40 conﬁrming the
presence of additional layers, which can be also seen in optical
image contrast (Figure 3d).
We measure an average emission site density of 0.052 ±
0.010 emission sites/μm2 for the O/OA/O-Tri hBN, which is
comparable to that of ML OA-hBN (Figure 2). This is
consistent with only the middle layer hosting active emission
(Figure 1). Conversely, the density of the OA/O-Bi hBN is
0.034 ± 0.015 emission sites/μm2, a consequence of the
bilayer’s reduced stability linked to the exposedness of the
bottom side of the emissive layer, speciﬁcally when it
undergoes air annealing to clean the top layer. Oxygen trapped
or intercalated between the emitting layer and the substrate
can lead to bleaching a portion of the emission sites during the
annealing, thus lowering the initial emission site density for
such bilayer samples.
To conﬁrm that the individual emission sites are stabilized
and to exclude the eﬀect of unstable emission sites
contributing to the maintained emission site density, we
study the stability lifetime of individual emission sites (Figure
3b). We achieve this by identifying each emission site present
throughout the image frame stack (see Experimental
Methods). Emission site bleaching time, in Figure 3b, is
deﬁned by subtracting the time of the frame in which the
emission site is ﬁrst present from the time it is last present.
This disregards brief intermittencies that constitute blinking
instabilities, which are attributable to diﬀerent mechanisms
than those that cause permanent bleaching.62 As can be seen
from Figure 3b, the proportion of emission sites lasting the full
measurement increases from the OA-hBN ML to the OA/OBi-hBN with the most signiﬁcant increase occurring in the O/
OA/O-Tri hBN sample. This highlights the stability improvements each individual emitter in the stack experiences.

Figure 4. Lateral emission site localization via quenching with ML
graphene mask: (a) (i) SEM image of trilined patterned graphene
mask. Each line is 55 μm long, with the width varied from 0.04 to 1
μm. Dark contrast areas show graphene coverage, and light
contrast shows etched lines without graphene. (ii) PL image of astransferred ML hBN and (iii) O/OA/O-Tri hBN structure on the
graphene mask showing emission being restricted to the etched
lines. (b) Normalized emission site number vs line width for astransferred ML hBN and O/OA/O-Tri. Normalization was
achieved by dividing the total number of emission sites identiﬁed
in each line across all scanned regions of the sample (>50 regions
hBN, >80 regions O/OA/O-Tri hBN) by the total emission site
number identiﬁed in the thickest line (1 μm). Error bars represent
the standard deviation across all scanned regions.

catalyzed, polycrystalline CVD ML graphene,42 wet-transferred
to Si/SiO2 wafer support, over 1 cm × 1 cm in size and
patterned via e-beam lithography (see Experimental Methods).
The hBN layer was transferred directly onto the prepatterned
graphene mask where it underwent O-treatment. For O/OA/
O-Tri hBN, the remaining OA/O-Bi hBN was transferred on
top followed by a ﬁnal O-treatment (see Experimental
Methods). After full assembly, only a small D-peak was
present in the Raman spectra of the graphene ﬁlm (see SI,
Figure S8a). This highlights that for the given conditions the
hBN is suﬃcient to protect the underlying graphene from
D

https://doi.org/10.1021/acsnano.1c04467
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

Figure 5. (a) Diﬀraction-limited ﬂuorescence image of (i) O/OA/O-Tri hBN; (ii) SEM image of O/OA/O-Tri hBN on a holey graphene
mask with 1 μm × 1 μm (columns 1−4) and 0.8 μm × 0.8 μm (columns 5−8) etched holes in the graphene; (iii) PL image of (ii). (b)
Representative PL spectra of emission sites in the O/OA/O-Tri hBN localized via graphene hole array mask. Inset (left): confocal map of
the emitter array. Circles correspond to selected spectra plotted in matching color. Inset (right): representative second-order ﬂuorescence
intensity correlation measurement, corresponding to the red spectrum/location. (c) Emission statistics of O/OA/O-Tri hBN with (green
triangles) and without (blue bordered, hollow squares) graphene mask. The central cluster plot shows the relationship between the zerophonon line (ZPL) wavelengths and corresponding energy diﬀerence between the ZPL and phonon side band (PSB). The right histogram
shows the diﬀerences in energy between the ZPL and PSB for all investigated emitters across both trilayer conﬁgurations. The central
histogram, excluding outliers, was ﬁtted with a Gaussian. The top histogram shows the groupings of the ZPLs, highlighting two distinct
maxima around 555 and 575 nm. Noting that the presence of a long-pass ﬁlter at 550 nm (indicated by the sharp cutoﬀ of the red spectra in
(b)) may lead to some inaccuracy in the absolute position of the ﬁtted ZPLs < 550 nm and the corresponding energy diﬀerence to the PSB.

statistically lower the average emission site number per hole to
one.
Figure 5b shows further characterization of O/OA/O-Tri
hBN emitters localized via the graphene hole array mask.
Typical emission spectra have a zero-phonon line (ZPL)
between 550 and 590 nm (in a collection window of 550−750
nm) and a phonon side band (PSB) which lies on average
about 162 meV (∼47 nm) lower in energy, as highlighted by
the scatter plot and histograms in Figure 5c. The sharp cutoﬀ
in the spectra at 550 nm is due to a long-pass ﬁlter that
separates the excitation light at 532 nm from the emitter’s
ﬂuorescence. However, due to ﬁtting, values below 550 nm can
be found. Although these values are less accurate compared to
those where the whole ZPL can be measured, their separation
from the phonon side band still lies within the expected range,
and hence these values are also displayed here. We use a
Hanbury−Brown−Twiss setup to measure second-order
ﬂuorescence intensity correlations (see Experimental Methods) to verify that single hBN quantum emitters can reside in
the patterned holes of the graphene (right inset, Figure 5b).
The representative g2 measurement shown in Figure 5b was
taken over a duration of more than 3 h, during which the
emitter was stable. After the emitter has bleached, we take the
background at the same spot to background correct the
measurement.64,65 In this case, through ﬁtting, we obtain a
value of g2(0) = −0.07 ± 0.53. Although a large error, due to
background subtraction, the fact that the maximum value is
less than 0.5 conﬁrms that emission is consistent with a single
emitter, showing that single-photon behavior can be localized
with the graphene mask (see SI, Figure S10, for further O/
OA/O-Tri hBN data). Figure 5c shows a compiled data set of
39 emitters, highlighting the distribution of ZPL wavelength
and diﬀerence in energies between the ZPL and PSB (example
spectra shown in SI, Figure S10c). A Gaussian ﬁt of the latter
gives a dominant energy diﬀerence of 162 ± 11 meV. Our data
show similar spectral emission characteristics with and without

excessive damage, in line with previous reports on excellent
graphene protection by ML hBN from remote oxygen
plasma.41 Figure 4a highlights the SPE quenching eﬀectiveness
using graphene line patterns of varying width, comparing ML
hBN with O/OA/O-Tri hBN. Figure 4b plots how the
normalized fraction of emission sites found per line decreases
with decreasing line width for ML hBN and O/OA/O-Tri
hBN. The eﬀect of graphene quenching for ML hBN and O/
OA/O-Tri hBN matches within the statistical error, presenting
the same trend, thus conﬁrming that the trilayer hBN is
suﬃciently thin to allow eﬀective quenching. The slightly
increased emission site fraction of the trilayer sample can be
attributed to the summation of multiple images in the analysis.
The improved stability of the designed trilayer increases the
cumulative intensity of the emission sites and therefore their
probability of being identiﬁed. However, the intensities of each
individual emitter and the background are not signiﬁcantly
diﬀerent from the monolayer to the trilayer sample (see SI,
Figure S9). Figure 4a,b shows that a decreasing graphene line
width allows an eﬀective emission site reduction also for the
O/OA/O-Tri hBN.
For lateral localization in both x and y, we adopt a graphene
hole array mask. Figure 5a shows the eﬀect of such a mask,
transforming the O/OA/O-Tri hBN emission from random
into a regular, easy to catalogue array. The use of large-area,
high-throughput wide-ﬁeld super-resolution mapping is particularly suitable for such digital cataloguing, allowing one to
record the position and optical and spectral properties43,44,63
and thus giving on-demand access and statistics. We used
square holes of 1 μm × 1 μm (left four columns, Figure 5a)
and 0.8 μm × 0.8 μm (right four columns, Figure 5a) with a
pitch of 1.5 μm to generate a proof of principle for such
emission site cataloguing. We note that the graphene hole
dimensions can be further optimized in combination with the
average emission site density, as suggested by Figure 4b, to
E
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vacancy impurity, and its ubiquity across our processing steps
(transfer polymers, reactor system contamination, adsorbants),
we speciﬁcally include carbon-related aspects in the discussion
below. This is further motivated by recent transmission
electron microscopy (TEM) data indicating that the ﬁlling of
pre-existing hBN vacancy defects occurs predominantly by
carbon atoms.74
The air annealing at 450 °C of as-transferred ML hBN
(denoted O-hBN) clearly removes polymer residue (Figure
2b(i)), consistent with previous literature on eﬀective cleaning
of multilayer hBN ﬂakes from organic contaminants by Ar/O2
annealing at 500 °C.56 As a process step, this allows us not only
to remove emission from polymer residues or deleterious
carbon that is not incorporated into the hBN lattice but also to
suppress total emission from the hBN ML including from hBN
defects. Our data indicate that the eﬀect of such air annealing
(at given conditions and substrate) is chemical in nature and
highly surface-sensitive, aﬀecting predominantly the top hBN
ML, with emission of the ML underneath preserved (see our
bi- and trilayer process ﬂow). Previous literature on multilayer
hBN ﬂakes found that the ﬂuorescence was not aﬀected by
annealing in oxygen at 500 °C.17 This accentuates the possible
large diﬀerences in exposure eﬀects between mono- and
multilayer hBN. For multilayered starting material, there
always remains uncertainty with regards to the z localization
of the active emitter site and thus ambiguity regarding the
mechanisms of interactions of buried hBN layers with the gas
atmospheres, with the latter being dependent on complex
eﬀects including porosity and intercalation.
We ﬁnd that air annealing leads to hBN ML oxidation and
lattice degradation, as highlighted by the E2g peak evolution
(Figure 3c), especially for prolonged exposures. While hBN
generally has a reported very high (>700 °C) thermal stability
in oxidative environments,3,56 there can be a number of
subtleties when looking at ML stability. We note, for instance,
that a carbonaceous coating from the transfer process can act
as an initial protective layer for ML hBN; that is, it can
suppress oxidative damage to the ML hBN for an O-step of
ﬁxed duration, depending on the level of polymer residuals and
their chemical stabilities.56 Furthermore, hBN oxidation can
leave behind a nonvolatile boron oxide surface covering,58,75−77 which can act as protective layer, leading to higher
comparative stability for few- and multilayer hBN.5,16,17,20
Further, the close proximity to SiO2 has been reported to
provide a source of oxygen for hBN oxidation,77 potentially
hinting at one of the mechanisms behind the observed
emission site bleaching of bilayer hBN. While our CVD ML
hBN is crystalline, its areal defect density, particularly after the
ML peeling transfer, is higher than that for exfoliated hBN
ﬂakes, highlighted also by the higher density of emissive
defects. Defects will act as preferential nucleation points for
oxidation and lead to lower thermal stability.78,79 There is an
interesting link to the ﬁeld of (electro-)catalysis where carbon
substitutional defects within hBN have been reported to show
promise as catalyst sites for oxygen reduction reactions,8 and
oxygen atoms have recently been shown to be very mobile in
their detachment and reattachment to defect sites in hBN.74
The eﬀectiveness of the O-step in suppressing emission from
ML hBN could thus be promoted by the eﬀective removal of
carbon defect decoration and/or chemisorption of oxygen at
existing defect sites, which is known to prevent the formation
of excitons and render emission sites dark.75

a graphene mask. We do not observe any signiﬁcant diﬀerence
in brightness with and without the graphene mask for the
stable single emitters that reside within the holes (see SI,
Figure S9). The typical detected count rates range between 2
and 15 kHz depending on how well the polarization overlaps
with the transition dipole (see SI, Figure S7b). For these
measurements, we calculate a detection eﬃciency of 1%, which
translates into emitter emission rates between 200 kHz and 1.5
MHz. This is in good agreement with previous literature for
the bright hBN emitters in our observed spectral range.43,66
Our emitter localization approach builds on the layered
crystal structure of the host material and is very versatile. It
utilizes CVD processing, oﬀers planar structures, and is not
constrained to, for instance, pillared substrates or small hBN
ﬂakes.6,30,31,35 Supported by our previous work on large-area
monolayer hBN,43 we do not observe any obvious or exclusive
preferential emission at grain boundaries, folds, or edges/
holes67 in the hBN ML, in line with other reports on CVD
hBN material.38,39 Hence, our discussion is focused on
fundamental hBN material and chemistry aspects. The SPE
literature to date has focused on exfoliated5,6,32 or grown38,39
multilayer hBN, where, similar to 3D host materials (like
diamond),68−70 pretreatments to activate color centers are
discussed. In contrast, our data concern ultrashallow emission
and the pretreatment of ML hBN, which has distinct aspects
particularly due to its atomically thin, all surface nature. The
latter ampliﬁes the need to address surface contaminants, such
as polymer residues and adsorbents/impurities. This connects
to existing literature on the eﬀective cleaning approaches of
hBN for nanoelectronics, speciﬁcally the use of oxidative
environments to remove carbonaceous contamination.3,40,56,71
However, we focus here on discussing “eﬀectiveness” of such
pretreatment in terms of suppressing or controlling the
emission site density that links to the microscopic nature of
emissive defects and local crystal quality.
A broad range of ZPL energies have been reported for hBNhosted emitters, and there has been various attempts to group
them based on ZPL and PSB characteristics in order to foster a
deeper understanding of the underlying nature and excitation
processes of the defect(s), roles of vacancy impurities, and
factors like charge state, strain, and local dielectric environments.19,20,23,24,39,55,72 Our measured ZPLs here largely fall
within the 550−600 nm range, with two dominant, distinct
emission maxima around 555 and 575 nm (Figure 5c). While
our hBN ML treatments and combined stacks aﬀect the
emission site density, none of them results in signiﬁcantly
diﬀerent spectral emission characteristics in the studied range
from 550 to 760 nm. These ensemble-type emission
characteristics are consistent with our previous detailed
measurements on spectrally resolved photodynamics of
emission sites in Pt-catalyzed as-transferred hBN ML43 and
coincide with previously identiﬁed hBN emitter families and
emission bands particularly for CVD hBN (see SI, Table S2
and references therein).38,39,44,55 Despite the distinct ZPL
emission wavelength maxima, we ﬁnd similar energy diﬀerences between their ZPLs and PSBs. Since small changes in
strain can have a large impact on the ZPL wavelength,73 we
here cannot conclusively comment on the number of diﬀerent
defect types present. However, our extrapolated energy
diﬀerence of around 162 meV between ZPL and PSB (Figure
5c) is in close agreement with the recently calculated and
experimentally veriﬁed range of values for the VBCN defect
(158−175 meV).37,39,73 Based on its potential importance as a
F
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hBN building blocks. The required control of the charge
environment is thereby analogous to the literature on high
mobility graphene channels and quantum dots and their
encapsulation.71,86−89
The exposedness of our O/OA/O-Tri hBN building block
provides the opportunity for external control of emission,
particularly as part of integrated device design. We exploit this
here to achieve eﬀective lateral emitter localization via the
addition of a patterned graphene mask to create a localized
emitter pixel array. Graphene is able to eﬀectively quench
ﬂuorescence over a wide wavelength range90,91 and has been
successfully utilized to quench emission from quantum dots,
single molecules, and other 2D materials.91−93 Thus, our
method is applicable for all types of emitter families found in
hBN. Graphene is known to quench the PL eﬃciently by
providing nonradiative recombination pathways, where the
exciton can rapidly recombine near its Dirac point.93
Fluorescence quenching due to close proximity to metals or
graphene has been noted as an unwanted eﬀect across the hBN
literature,18,85 whereas here we functionally employ it to
achieve lateral localization. Previous work on graphene
contacts to multilayer hBN indicates that a hBN thickness in
excess of 3.5 nm is required to avoid full PL quenching.18 This
highlights that the thickness of the hBN encapsulation (Figure
1) can extend to a few nanometers, that is, few-layer hBN, with
the graphene mask still being eﬀective in depleting emission
from the active ML. Conversely, for integrated devices using
metal or graphene contacts for ﬁeld tuning, plasmonic
enhancement, or electrical pumping of emissive defects,94−96
radiative pathways can be optimized to dominate over
nonradiative/quenching eﬀects.
For the emitters residing in the holes of the graphene mask,
we do not observe any detrimental eﬀects concerning emission
brightness or spectral characteristics. However, we cannot rule
out any more subtle eﬀects which are beyond the scope of this
work. This includes the possible eﬀect of graphene proximity
on the transition dipole on faster time scales than those probed
here. The modularity and versatility of our bottom-up
approach means that the entire stack including the mask can
be further encapsulated to address emitter blinking. Such
further optimization can be informed by the parallels to the
rich literature on 2D nanoelectronics that we discussed above
already in context of layer processing but is also pertinent in
many other aspects including dielectric screening.

There is an interesting comparison between single air
annealing (O-) emission site deactivation and the observed
photobleaching of hBN ML emission under laser illumination
in an ambient environment (Figure 3). Previous literature
proposed photochemical reactions with activation energies of
2.3−3 eV80 (consistent with the laser energies used in this
report) to occur when exciting multilayer hBN in an oxygen
environment, bleaching or severely dimming the emission.81
For both the air annealing and photobleaching, our data show
that even an atomically thin hBN protection layer can prevent
oxygen from reaching the emitter site to suﬃciently suppress
emitter deactivation. Reported bleaching of emitters in thicker
multilayer stacks may have several explanations, all of which
occurred at higher laser powers/energies.80 First, even the
highest quality hBN is known to contain oxygen impurities,
and these contaminants could become mobile at higher laser
powers and provide a source of bleaching.82 Second,
destructive techniques used to generate or activate defects in
thicker ﬂakes50 can leave porous hBN top layers,37 which
allows for oxygen ingress that in turn at high laser powers can
lead to further bleaching.
Our data show that an Ar annealing (A-) step can eﬀectively
reactivate emission from ML hBN. Ar annealing at >800 °C
has been widely used to activate color centers in hBN and
other host materials like diamond. For vacancy- and impurityrelated optically active complexes in solids, such annealing
increases the formation probability via promoting vacancy and
impurity mobilities.17,37,68−70 A linear increase of emitter
density with temperature has been shown for Ar annealing of
hBN ﬂakes up to 1000 °C.17 For ion-implanted samples, such
annealing is further motivated to restore the crystal host
lattice.37 Crystal damage can otherwise cause strong nonradiative recombination of charge carriers and prevent eﬀective
luminescence. We observe no improvement in hBN crystallinity for the temperature range probed. We cannot rule out
impurities in the Ar feed, which can lead to convoluted or
masked eﬀects. Unlike previous literature,18 we ﬁnd the A-step
for ML hBN is only fully meaningful when preceded by an Ostep. An A-step on its own, without prior removal of carbon
residuals, promotes the graphitization of such residue. While a
graphitized top layer can be tolerated for thicker/multilayer
samples, it is highly detrimental to our ML engineering
approach. The observed reactivation of a high emission site
density via an A-step following an O-step (Figure 2) can be
rationalized by the removal of oxygen-related surface species
and/or the introduction of carbon into O-annealing generated
or otherwise present defects. The latter is consistent with the
observed graphitization of a polymer residue for a sole A-step,
and with previous literature on hBN annealing and carbon
incorporation, this includes using a graphite furnace,38
annealing in CH4,83 and e-beam stimulated insertion.74
Although our O/OA/O-Tri hBN structure suppresses
bleaching, blinking has not been addressed, which is an
inherent instability prevalent for all solid-state quantum
emitters. We ﬁnd the extrapolated power law coeﬃcient for
blinking was the same in trilayer hBN compared to that of ML
(see SI, Figure S11), and the continued presence of a broad
ZPL in Figure 5 shows that the dielectric state of the emitter
keeps ﬂuctuating.55 Recent literature points to the possibility of
improving blinking behavior and emitter stability via substrate
engineering with low charge trap densities based on atomic
layer deposition84,85 or additional encapsulation,55,80 highlighting routes for further improvements of our O/OA/O-Tri

CONCLUSIONS
We demonstrated scalable quantum emitter localization in
hBN in all three dimensions via a ML engineering approach
enabled by its 2D crystal structure and recent progress in largearea ML CVD and matched transfer approaches. The
introduced pretreatment processes for such hBN MLs allow
one to either fully suppress emission or activate a controlled
emission site density, thus enabling such diﬀerently treated
MLs to be used as select building blocks and to achieve emitter
vertical (z) localization at the atomic layer level. We show that
known emitter bleaching in air of ML hBN can be suppressed
by sandwiching between only two protecting hBN MLs, and
that the addition of a patterned CVD graphene mask can be
used to achieve eﬀective lateral (x−y) emitter localization
down to single emission sites. The single-photon nature of the
emission was shown across a range of measured emission sites.
We ﬁnd the noise level and broadness of the emission spectra
to be comparable to that of CVD-grown multiG
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layers38,39,66,85,97,98 and recently reported lateral emitter
localization approaches.6,31,51 Our approach retains the many
advantages and versatility of the planar 2D nature of the hBN
host material, allowing for advanced characterizations and
tailored device integration approaches, including external
control of emission, quantum sensing, and eﬃcient coupling
to waveguides, ﬁbers, or plasmonic and photonic cavities. Such
interesting opportunities include the investigation of manybody eﬀects99 and the generation of diﬀerent photonic states
that may otherwise be only possible for cold atoms placed at
predetermined trapping sites.100 By coupling such emitters to
waveguides, photon-mediated interactions can be established
that are sustained over distances many times the excitation
wavelength.101 Photon transport leading to nonclassical light
can be investigated102 and entanglement between emitters
created,103 which is an indispensable resource for emerging
quantum technologies.
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onto a graphite stage supported by the same ceramic mount as used
for growth. The chamber was pumped down to <5 × 10−5 mbar
before being ﬁlled with Ar to a pressure of ∼5 × 10−1 mbar. This
pressure was maintained with an Ar ﬂow of 100 sccm. The annealing
was carried out at ∼850 °C for 30 min.
Dummy Transfer. Dummy transfers were used to collect baselines
for the average emission site density due to the ﬂuorescence of
polymeric residues. These consisted of drying PVA directly on Si/
SiO2 wafers. They then went through the same processes as the
standard hBN wafers, and their emission site densities were
characterized each time. This was also carried out for completely
blank wafers to ensure there was no contamination in the Ar gas that
could have contributed to the increased emission site density after Ar
annealing. The dummy transfers only show an estimation of how
much emission sites from the polymer residue contribute to the
overall emission site density of hBN.
Bilayer. Bilayer assembly started with the transfer of a ML sample
as detailed above. Following this, the second layer was transferred
onto the ﬁrst after it had been Ar annealed using the same transfer
method above. After the transfer of the second layer, the same
cleaning method as that used for ML hBN was carried out.
Trilayer. To assemble the trilayer sample, two diﬀerent Si/SiO2
wafers were used: the target and the intermediate. The target had ML
hBN transferred onto it which was then cleaned (water + air
annealing). Concurrently, a bilayer structure (same as above) was
created on the intermediate wafer from two pristine hBN monolayers,
without air annealing after the addition of the second layer. The
bilayer structure was immediately transferred to the target wafer on
top of the O-treated ML already present, creating the three-layered
structure, which was then air annealed to remove residue and quench
emitters from the top layer.
Graphene Sample. Transfer. Graphene used in this report was
grown via CVD on Cu.42 Poly(methyl methacrylate) (PMMA)
(MicroChem, molecular weight 950k) was spin-coated on one side of
the as-grown graphene on Cu as a protection and scaﬀold layer. After
this, graphene on the back side of the Cu was etched by O2 reactive
ion etching, RIE (3 W, 60 s). Cu foil was then etched by the Cu
etchant (0.2 M (NH4)2S2O8 in deionized water). The PMMA/
graphene ﬁlm was then rinsed several times and “ﬁshed” onto the
target silicon chip (300 nm SiO2 /Si). After being dried overnight, the
PMMA scaﬀold layer was removed by acetone.
Window Patterning. The features in the graphene mask were
patterned by electron beam lithography (EBL). PMMA with a
molecular weight of 950k was spin-coated on graphene as the e-beam
resist. EBL with a 50 keV electron beam energy was used for the
exposure. The pattern was generated using an average dose of 650
μC/cm−2, which was later developed in a MIBK/IPA = 1:3 solution.
After the resist was developed, the graphene was etched away by O2
RIE (3 W, 60 s) to form the holes.
Characterization. Raman. A Renishaw inVia confocal Raman
microscope with a 532 nm laser was used for Raman measurements. A
100× objective lens was used, and all measurements were taken after
transfer. Determination of sample features (peak centers, fwhm, etc.)
was achieved by taking Raman maps of each sample and then ﬁtting
the E2g peak of each area with a Lorentzian function. The values
(fwhm and peak intensity) referred to in the main text are the average
values of all measurements taken per sample type.
Optical. Wide Field. Single-molecule ﬂuorescence measurements
were carried out on a custom-built inverted microscope (Olympus
IX73) coupled to an EMCCD camera (Evolve II 512, Photometrics).
Excitation was achieved using a 100 mW, 532 nm CW diode-pumped
solid-state laser (LASOS Laser-Technik GmbH) guided by a dichroic
mirror (Di02-R532-25x36, Semrock) to a high numerical aperture, oil
immersion objective lens (Plan Apochromat 60× NA 1.49, Olympus
APON 60XOTIRF), which focused the collimated beam onto the
sample through a 0.08−0.12 mm glass slide support. The generated
excitation footprint had a diameter of 60−80 μm, giving rise to power
densities ranging from 0.1 to 0.3 kW cm−2 at the coverslip. Collection
of the emitted PL was achieved through the same objective, following
which it was ﬁltered through a BLP01-532-25 long-pass ﬁlter

EXPERIMENTAL METHODS
hBN Sample Preparation. Growth. ML hBN was grown by CVD
in a custom-built, cold-wall reactor. Heating was achieved using an
808 nm continuous wave (CW) laser, a top hat beam proﬁle with a 5
× 5 mm2 spot size which ensured localized heating on the sample. To
measure the temperature, an IR pyrometer was used, and its
wavelength and spot size were 1.6 μm and 3 mm, respectively; the
emissivity was set to 0.25.104 As-received polycrystalline platinum foil
was used to catalyze the reaction (25 μm, 99.99%, Alfa Aesar) and was
supported by a tantalum susceptor (25 μm, 99.9%, Goodfellow). The
top of the Ta foil was clamped, using sapphire, to a ceramic mount.
The Pt was wrapped around the Ta away from the clamped region to
prevent contact to any contaminants or thermal dissipators.
Vacuum annealing and then growth were carried out in the
chamber once a base pressure of <2 × 10 −6 mbar was reached. hBN
was grown at ∼1090 °C. Following a 5 min vacuum annealing at the
above temperature and pressure, a borazine precursor (>97%
Fluorochem) was dosed. A partial pressure of 1.3 × 10−5 mbar was
used for dosing borazine, which is suﬃciently low to avoid the
occurrence of multilayer islands. Growth proceeded for 25 min to
ensure complete coverage of all Pt grains with continuous monolayer
hBN.
Sample Assembly. Monolayer Transfer. The target substrate for
transfer was a Si/SiO2 wafer (oxide thickness 285 ± 10 nm) with gold
alignment markers deposited on the surface. The wafer was cleaned
by sonicating in a warm (40 °C) bath of acetone for 15 min, dried
with a N2 gun, and then sonicated again for a further 15 min in
isopropyl alcohol (IPA) and then ﬁnally dried with a N2 gun.
Immediately before transfer, the wafer was annealed for 10 min at 135
°C on a hot plate in air.
The backing support for hBN peeling transfer from the catalyst to
substrate was a PVA layer deposited from a solution of 5 g of PVA
(Mw 9000−10000, 80% hydrolyzed, Sigma-Aldrich) and 1 g of
glycerol (>99% Sigma-Aldrich) in 100 mL of deionized (DI) water.
First, the solution was drop-cast onto the hBN on Pt which was then
heated to 60 °C on a hot plate where it was left for roughly 1 h or
until the PVA was dry and no longer tacky. The PVA/hBN was then
peeled from the Pt and placed onto a polydimethylsiloxane stamp. In
a rolling motion, the hBN/PVA was stamped onto the wafer while
heating at 135 °C. The structure remained at 135 °C on the hot plate
for at least 5 min to relax the hBN/polymer stack and improve
attachment to the wafer.
After transfer, the sample was then placed into DI water at 90 °C
for 1 h to dissolve the PVA.
Treatments. Air Annealing (O-). Following the above transfer
procedure, to remove the remaining persistent polymer residue, air
annealing was carried out at 450 °C on a hot plate for (unless stated)
∼20 min.
Argon Annealing (A-). To reactivate defects, Ar annealing was
carried out in the same reactor as the growth. The sample was placed
H
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(Semrock) to then be expanded by a 2.5× relay lens (Olympus PE 2.5
× 125) before entering the camera. The EMCCD was running in
frame transfer mode with an electron multiplication gain of 250 and
operating at −70 °C; images were collected for 1000 frames at a frame
rate of 10 Hz.
Control of the microscope setup was obtained with the opensource
platform, micromanager.105 The collected data were processed using a
custom-written Python program described below.
Confocal. Confocal images, second-order correlation measurements, and spectra were recorded on a home-built microscope with a
50× Plan Apochromat (Mitutoyo, NA 0.55) objective. A 532 nm laser
was focused via this objective to a diﬀraction-limited spot with typical
power densities of 0.9 kW cm−2 at the target. Fluorescence from the
emitters was ﬁltered by a dichroic mirror (DMLP550R, Thorlabs) and
two long-pass ﬁlters (FELH550, Thorlabs) and sent to two singlephoton counting modules (Laser Components, Excelitas Technologies) set up in a Hanbury−Brown−Twiss conﬁguration for secondorder correlation measurements. For spectral measurements, the
collected ﬂuorescence was sent to a spectrometer (Shamrock SR-303i,
Andor Technology). The experimental control of our confocal
microscope was based on the open-source Python-based software
qudi and adapted for our setup.
Data Processing. Image Smoothing. The generated tiﬀ ﬁles
(1000 frames of 512 × 512 intensity values) were converted into a 3D
array using the python packages scipy, cv2, skimage, and numpy. For
each frame (referring to one slice of the array which corresponds to
one image from the whole stack), a multidimensional Savitzky−Golay
ﬁlter was applied to create a smoothed mask of the frame without
losing emission sites due to the uneven illumination of the optical
setup. A 2D Gaussian blur ﬁlter (9 × 9 px, standard deviation: 5) was
then applied to the mask to smooth out noise introduced into each
frame by the Savitzky−Golay ﬁlter. This mask was then subtracted
from the raw data, leaving a uniform background with distinguishable
emission sites.
Emission Site Detection. Thresholding was used with a 2.5
standard deviation of the image intensity as the thresholding criteria,
using a local mean ﬁlter. Emission site areas that were not within 4 to
40 px2, after thresholding was applied, were discarded; the mean
emission site size was ∼7 px2. After such processing, the time,
intensity, and position in each frame were identiﬁed for each emission
site in the data set, allowing one to extract the behavior and bleaching
of individual emission sites and ensembles as discussed in the main
text.
Analysis. Bleaching. Overall bleaching statistics were generated by
counting the number of emission sites present within a frame and
dividing by the size of the scanned area to generate an emission site
density. This was carried out for each frame and the emission site/
μm2 was plotted with respect to time.
The emission site density of the ﬁrst frame was set as one, and the
emission site densities of the following frames were plotted
normalized to that ﬁrst frame. The plots generated could then be
ﬁtted by exponential decay curves which are shown in Figure 3a. All
samples were ﬁtted using the OriginLab OriginPro software using the
Levenberg−Marquardt algorithm. ML and bilayer samples were ﬁtted
with the equationy = A1e−x / t1 + A 2 e−x / t2 + y0 , and the trilayer
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+ y0 ,
samples were ﬁtted to the more basic equation, y = A1e
where A1, A2, y0, t1, and t2 are constants and x and y are the exposure
time and normalized emission site density, respectively. These
equations were used to determine the half-life of each emission site
density.
g2 Measurements. The ﬂuorescence counts of two detectors in
Hanbury−Brown−Twiss conﬁguration were fully correlated over
13030 s, with a bin width of 2 ns, and individual count rates of the
two detectors of 3466 and 2557 Hz. The signal (S) to background (B)
ratio was determined after the emitter had bleached as ρ = S/(S + B)
= 0.45 ± 0.11. The coincidences were ﬁrst normalized using the two
count rates of the detectors and the Poissonian background was then
subtracted65 from the normalized coincidences C as g2(τ) = (C − (1
− ρ2))/ρ2.
−x / t1
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