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Abstract

Hexagonal boron nitride (h-BN) is a 2D, wide band-gap semiconductor that has
recently been shown to display bright room-temperature emission in the visible
region, sparking immense interest in the material for use in quantum applications. In
this work, we study highly crystalline, single atomic layers of chemical vapour
deposition (CVD)-grown h-BN and find predominantly one type of emissive state.

Using a multidimensional super-resolution fluorescence microscopy technique we



simultaneously measure spatial position, intensity and spectral properties of the
emitters, as they are exposed to continuous wave illumination over minutes. As well
as low emitter heterogeneity, we observe inhomogeneous broadening of emitter line-
widths and power law dependency in fluorescence intermittency; this is in striking
similarity to previous work on quantum dots. These results show that high control
over h-BN growth and treatment can produce a narrow distribution of emitter type,
and that surface interactions heavily influence the photodynamics. Furthermore, we
highlight the utility of spectrally-resolved wide-field microscopy in the study of

optically-active excitations in atomically thin two-dimensional materials.



Two-dimensional (2D) materials are rapidly emerging as promising for use in the
areas of electronics,’ materials science,? photovoltaic, light-emitting devices,® and
quantum emission.*® In the case of quantum technologies, the ideal solid-state
system is sought that displays atomic-like states, which can be deterministically

prepared and read-out optically.>®

H-BN has recently joined the small family of 2D materials that display single photon
emission.’ Previously, h-BN was widely used as a dielectric layer in graphene
devices®® and was recently shown to display bright, visible single photon emission at
room temperature.” The emission has been compared to that of nitrogen-vacancy
(NV) centres in diamond, where the narrow-band visible emission is due to an
atomic-scale point defect.’®"" The emissive defect state in h-BN is predicted to be
either a boron vacancy (Vg), nitrogen vacancy (Vy) or an antisite complex (NgVy), in
which a boron atom is replaced by a nitrogen atom with an absent neighbouring
nitrogen atom.’ Consequently, the past few years have seen work on single-photon
emitters in h-BN accelerate, but progress towards device integration has been

hindered by the high variation in the frequency of the emission.'*"

An explanation for the wide range of emission energies reported is the use of
heterogeneous h-BN samples. So far, the vast majority of optical studies of h-BN
have been carried out on multilayer samples without a well-defined sample thickness
or morphology, namely liquid”'?"* or mechanically exfoliated'>"” h-BN, that are likely
to contain a wider range of structural defects than CVD-grown monolayer h-BN, due
to the greater heterogeneity in structure, as well as the different growth conditions
and pre-treatments used.">'® Due largely to the difficulty in the sample preparation,
studying h-BN produced from scalable, integrated growth methods, such as CVD,
has not been a priority for optical studies. However, the most promising method to

produce h-BN with well-defined thickness over a large area is chemical vapour



deposition (CVD). "' While layer thickness is known to strongly affect the band
structure of h-BN, ?° the optical properties of large crystalline domain monolayer h-BN

are yet to be fully explored.

Here we focus on large areas (~100 mm?) of continuous, single crystalline (with
domain sizes exceeding 100 um?) CVD-grown h-BN monolayers.'® These
monolayers represent a homogenous surface (without large variation in thickness,
edges or high density of grain boundaries) and thus present a well-defined model
system to study defect emission in h-BN. The h-BN films are grown on a platinum
catalyst and directly transferred using mechanical delamination onto glass substrates
for the optical measurements. Our previous work has confirmed that crystalline
domain size and continuity of the h-BN film are preserved following our transfer

procedure.'® "2

It is typically difficult to find techniques that can locate and non-destructively probe
such thin and optically transparent samples. Established structural techniques, such
as high resolution transmission electron microscopy (TEM)? and scanning tunnelling
microscopy (STM),**address small areas at a time and can induce new defects to the
sample.?® Traditional optical techniques, such as confocal microscopy, typically do

not enable uniform excitation fluence across a wide area.

To study this material we use a custom-built spectrally-resolved single-molecule
fluorescence microscope, previously used in a biological context for multidimensional
super-resolution imaging,26 that enables high-throughput measurements of relatively
large areas (1250 um?) and simultaneous collection of spatial and spectral
information. Surprisingly, we find that these h-BN monolayers produce emitters with

high uniformity in emission wavelength. Unlike previous reports,’ we find one



emission predominantly at 575 nm £ 15 nm. We also did not treat the h-BN with high
temperature argon annealing or electron irradiation to induce or stabilise emitters.'>?’
We observe that the emitters display fluorescence intermittency (‘blinking’) with ‘on’
and ‘off’ times described well by a power-law distribution, similar to that previously
shown in semiconductor nanoparticles or quantum dots.?®*° From an analysis of
time-resolved spectral changes in conjunction with photodynamics, we find that
single emitter spectral diffusion is associated with blinking, leading us to conclude

that a control of h-BN atmosphere or surface chemical treatment may improve

spectral properties.

Results and Discussion

Power-law blinking of surface emitters in h-BN.

The h-BN monolayer was grown following protocol explained previously in detail.”® In
Figure 1(b) the Raman spectra for a monolayer h-BN on SiO, is shown (red trace). A
Raman peak at 1369 cm™ is seen, and is not observed in the blank (black trace),
indicating the presence of monolayer h-BN."® In addition, TEM revealed the h-BN
monolayers are made up of large (>100 um?) aligned domains (Figure S1). We
observe wrinkles in the h-BN on the platinum catalyst before transfer, in scanning
electron microscopy (SEM) images (Figure S2), typical of h-BN monolayers.*'
Combined, these results support that our preparation method created highly

crystalline monolayer h-BN.

Wide-field super-resolution microscopy is used to illuminate large areas of the h-BN
monolayers. Continuous-wave laser illumination is used to confine the excitation
geometry (~200 nm axially) and excite the sample via an evanescent wave formed
via total internal reflection (TIR) at the glass-air interface (Figure 1(a)).** This

geometry enables high sensitivity (signal/background ratio) typically used in single



molecule microscopy. The Stokes-shifted emitted light from the sample is collected
via the same objective and imaged onto a (single-photon sensitive) electron
multiplied charge coupled device (EMCCD) camera. Images are stored as
successive TIFF stacks with an exposure time of 100 ms (see Supplementary

Information for details).

Figure 1(c) shows a TIR fluorescence image of monolayer h-BN when excited with
continuous-wave 532 nm laser light, in ambient air at room temperature. 532 nm
(2.33 eV) is well below the band-gap of h-BN (~6 eV),* therefore does not excite the
bulk of the material, but does interact with the sub band-gap defect states.”**** Each
diffraction-limited fluorescence puncta or point spread function (PSF) represents a
single emitter. Each puncta can be both analysed in time (as shown in time montage
in Figure 1(d)) and can be fit to a 2D Gaussian to super-localise its spatial position

(typically 10-100 nm), where the localisation precision is related to the fit error of the

OPSF

VN

PSF and the number of photons (N) emitted: o, ,,~ . For the emitters in h-BN, we

obtain typical localisation precisions ranging from 12 nm - 30 nm (Figure S6). We
observe intermittency in the emission (Figure 1 (d)), behaviour that is typically
attributed to a molecule or single quantum dot and representative of a single emitter,
not an ensemble.?® As such, although the low photon count and instability of the
emitters precludes us from recording second order autocorrelation measurements,
due to the discrete intensity trajectories observed, we contend that it is likely a large

proportion of the blinking emitters observed are single emitters.

To characterise the fluorescence intermittency observed, in Figure 2(a) we plot the
emission from a single emitter in monolayer h-BN over 100 s. The intensity of light
from the emitter fluctuates over time. Using a threshold (details in Methods) to

distinguish between ‘on’ and ‘off’ states, ‘on’ and ‘off times are calculated.



Figures 2 (b) and (c) show the ‘on’ and ‘off’ time distributions obtained from
histograms of ‘on’ and ‘off’ time, for 208 emitters measured across a total surface
area of 0.018 mm? of three h-BN monolayer samples. Figures 2(b) and (c) represents
over 13,000 data points each. The probability distribution for both times can be

on/off where mon = -2.99 and moge= -

readily fit to a power law of the form P(t)~ t™
1.82. With a bin size of 100 ms, we find that the ‘off times for the h-BN emitters are
spread over three orders of magnitude in time (10'-10* ms), whereas the ‘on’ times
show slightly less variation (10'-10° ms) and the gradient to the power law fit is at the
higher end for what has been observed for other nanoscale systems (1.7-2.2).2%3¢
Interestingly, such power law blinking behaviour has been found and well studied in
other nano- optical systems, such as quantum dots, GaN single photon emitters,*’
nanodiamonds®® and single molecules,*® where it indicates either population of a
‘trap’ or formation of a fluorescent inactive (‘dark’) triplet state. We find here that both
the ‘on’ and ‘off’ times show little dependence on laser intensity (inset Figure 2(c)).
The ‘on’ times may show a weak dependence, but this is difficult to conclude from
the data present. No intensity dependence for the ‘off’ times suggests the recovery
mechanism of the emissive state is not light induced.* A power law distribution of
‘off’ times, as opposed to an exponential fit, points to a number of potential physical
mechanisms for the formation of the non-emissive state, such as an exponential
distribution of trap potential energy depths, fluctuating non-radiative decay rates or a
distribution of tunnelling distances between photo-induced exciton and trap state.?>*°
Characterisation of the emitter photophysics may help us to understand the

photoinduced dynamic processes occurring on the surface of h-BN in an ambient

atmosphere.



Fluctuating emission intensities have been observed from h-BN previously*®*® but
the cause of the instability has not been rigorously explored. Evidence points to
higher emitter stability in thick, multilayer h-BN,” indicating that the blinking behaviour
could be induced by proximity to the surface. Surface traps may be formed via
impurities or surface adsorbed molecules, which have been shown to chemically
react with h-BN defects.** As such, h-BN quality: growth, treatment and transfer, are
likely to be critical parameters in controlling how surface photoinduced emitters

behave.



Spectrally-resolved wide field imaging reveals mono-colour emitters.

While blinking of single emitters is disadvantageous for quantum applications, it
enables us to understand the photodynamics of individual surface-bound defects.
Blinking dynamics have been a critical tool in understanding trapping behaviour, and

designing methods of mitigating it, on the single particle level for quantum dots.***°

With a technique that has been deployed in research on quantum dots before,?*4¢47
we perform spectrally-resolved measurements to determine the nature of the

emitters.

Using a bespoke instrument we have previously reported,® we simultaneously
measure emitter position, blinking trajectories and spectra. This is physically
implemented on the set-up described above, via the addition of a blazed diffraction
grating, placed in the optical emission path before the image plane (Figure 3(a)). The
two major diffraction orders (zeroth and first order) are projected onto different spatial
regions of the EMCCD detector and recorded simultaneously (Figure 3(a) and (b)).
The zeroth order transmission corresponds to the spatial position of emitters on the
surface of the h-BN (Figure 3(d)) and is used to super-localise emitter position in x,y.
The first order diffracted light is the spectral information of the fluorescent signal
(Figure 3(c)). The spectral resolution is related to the localisation precision of the
spatial image of the emitter (analogous to the slit width in a conventional
spectrometer), thus related to the detected photons above background. We analyse
all emitters with a fitted spatial resolution of < 30 nm, corresponding to integrated
photon counts of ~1.0 x 10° photons/frame and a spectral precision in the range of 2-
8 nm, with a typical value of 4 nm (Figure S5). The pixel-to-wavelength calibration of
the detector is performed using fluorescent beads and takes account of spectral

dispersion, as described in reference 24 and in Figure S4.



A typical emission spectrum obtained for an emitter in monolayer h-BN using this
method is shown in Figure 3(e). This spectrum is the integrated emission spectrum
taken from a Z-stack of 1000 frames. The spectrum is broad, asymmetric, with a
peak, or zero phonon line (ZPL), at ~550 nm, a breadth of ~50 nm (~5 x spectral
resolution) and the unresolved low-energy phonon sideband, consistent with the
emission observed previously for emissive defects in h-BN.”'%*® As previously
noted,”"? the line-width of emission of defects in monolayers is greater than the line-
width observed for defects embedded in multilayer h-BN. '%*° Due to the similarity in
shape and ZPL position between spectrum in Figure 3(e) and the reported spectra of
single photon emitting defects in multilayer h-BN,'*"® we predict that the emission
from the CVD-grown monolayer is likely to derive from defects of a similar structure.
A control experiment of a blank glass slide subjected to the same polymer transfer
confirmed that the emitters show a distinct emission profile from organic contaminant
(emission centred at 610 - 620 nm) (Figure S9) and that organic contaminant has

conclusively bleached within the first 50 s (Figure S8).

This inhomogeneous broadening is analogous to that observed in atomic or
molecular transitions where radiating atoms or molecules interact differently with the
environment, leading to a distribution of transition energies in the ensemble emission
spectrum.®® The breadth of monolayer emission observed here (~190 meV),
consistent with reports of the energy splitting observed between the ZPL and phonon
sideband for h-BN defects”'#'%*?s likely to be the result of a broadened ZPL and
phonon side band, due to enhanced interaction with phonons. It has been shown that
the FWHM of the ZPL in multilayer h-BN is exponentially dependent on temperature,
consistent with in-plane phonon-assisted transitions.'? Interestingly, we find that
despite the inhomogeneous broadening of single-defect line-widths, the ensemble

population of emitters is more homogenous than observed in thicker h-BN."?
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For every emission spectrum we resolve we fit the peak with a Gaussian and obtain
the peak fluorescence emission wavelength. In Figure 4(a) and (b) we present
histograms of the distribution of peak emission collected from h-BN monolayers from
two independent growth runs, with insets showing the results for the two independent
growths. In Figure 4(a) we present the histogram of all emission energies when
emitters are sampled multiple times, termed ‘multiple sampling’. The histograms
reflect the total emission measured from the monolayers (>8,000 emitter emission
spectra). In contrast, for the histograms in Figure 4(b) the mean peak emission
energy is reported for each emitter. Here emitters are sampled once, ‘single
sampling’. For all plots the bin size is 10 nm, slightly larger than the spectral
resolution for the weakest emitters (8 nm). The data is not filtered to exclude any
emission detected at 610 - 620 nm, a region we have identified as potentially due to

contamination (Figure S9).

In both Figure 4(a) and (b) we observe a predominance of emission maxima at 575 +
15 nm, a region repeatedly identified as a dominant ZPL for defects in

121518 and monolayer*® h-BN. Figures 4(a) and (b) give difference

multilayer
information about the emitters’ behaviour. The ‘multiple sampling’ histogram reveals
the ensemble-type emission, as would be recorded from a bulk photoluminescence
measurement, while the ‘single sampling’ shows the emission energies possible. We
can see that when each emitter is sampled once, the distribution of mean emission
wavelength for emitters is weighted to higher energies (a grouping between 550-600
nm) than what we observe when we when collect all emission maxima emitted from

the monolayer. This suggests that the most emissive emitters emit in a more narrow

energy range, and at slightly lower energies, than the average emitter.

In Figure 4(c) we plot the distribution of average number of on-off-on fluorescence

intermittency cycles (‘blinks’) for each emitter from one growth run, over 200 s of

11



illumination. Each data entry here represents one emitter. As we can see, most
emitters (87%) display less than 100 blinks. There is a small population (<1 %) that
display a very large number of blinks (>600). We assess the global photobleaching
rate of the emitters and find that the average emitter total photon count has reduced

by 60% after 200 s (Figure S8).

As our technique enables us to probe the behaviour of individual emitters, we
analyse the extremes of the population and can selectively interrogate both the very
low and the very high blinking emitters, to assess the effect of blinking on spectral
properties. In Figure 4(e) we plot all spectral maxima collected for emitters that show
an average number of blinks greater than 100 and a median ‘off’ time larger than 30
s; the ‘low’ blinking emitters .In Figure 4(d) we plot the same data for emitters that
blink over 600 times and have a median ‘off’ time of less than 30 s. This separation
selects for emitters that are constantly blinking (~1% of total population), and those
that exist in one state for long periods of time (~10 % of total population). Indeed, we
observe that emitters that show low blinking have a narrower distribution of emission
peaks (Figure 4(e)) while emitters that blink more show slightly more broadened
emission (Figure 4 (d)) and a strong dominance for emission between 570-580 nm.
Combined, this analysis suggests that the most stable and emissive emitters show

emission maxima in this narrow energy region.

Others have reported the presence of two distinct spectral classes of quantum
emitters in h-BN — those that emit at ~570 nm and those that emit lower than 650
nm." Here we do not find evidence of a dominant low energy emitter, which we
attribute to the different growth and processing of the h-BN samples. We do not see
any preference for emitters at edges or grain boundaries and emitters appear to be
randomly distributed across the monolayer, in a relatively low density (~0.04

emitters/um?).*®
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The emitters on monolayer h-BN show a high degree of reproducibility when we
compare individual growth runs, for growth 1 ~75 % of emission spectra are at 575
nm = 15 nm, for example (Figure 3(f) inset). We predict the difference in emission
maxima between growth runs to be due to the varied degree of strain imparted into

the monolayer during growth and/or transfer.'®®’
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These findings suggest the monolayers may be made up of predominantly one type
of emitter that can interact with its environment to give a broadened line-width. To
understand more about this environmental interaction we analysed the spectrally-
resolved photodynamics. Across the h-BN samples, we observe that emitter
behaviour ranges from well-defined, telegraph-like on/off transitions (as displayed in
Figure 2(a)) to emitters that transition between continuous distributions of emission
intensities. To illustrate the range of behaviour observed, in Figures 5(b) and (g) we
show luminescence counts against time for two different emitters, emitter 1 and
emitter 2. The fluorescence intensity trajectory for emitter 1 (Figure 5(b)) shows a
well-defined ‘on’ and ‘off’ levels in photon counts that clearly shows two clear
intensity distributions (Figure 5(e)). The emitter is dark for the first 30 s before
emitting, then subsequently enters one period of darkness before returning to the
emissive state for the entirety of the measurement. Correspondingly, the colour of
emission is relatively constant (Figure 5(a)), with peak emission energy at 545 nm
and FWHM of ~10 nm, displayed in the integrated (90 - 130s) single emission

spectrum in Figure 5(c) and the distribution of all emission maxima in Figure 5(d).

In contrast, Figure 5(g) is the fluorescence trajectory for a second emitter that shows
rapid blinking, a well-defined ‘off photon count level and a continuous distribution of
photon emission events at higher photon counts (Figure 5(k)). The emission maxima
vary more than emitter 1 (Figure 5(h) and (i) show integrated emission spectra at
different frames in the trajectory) and are on average lower in energy (centred at 560
nm) (Figures 5(j)).We find that the emitters across the samples display a range of
behaviour between these two examples (as demonstrated by Figure 4(c)), with no

notable correlation with spatial position (previously observed in quantum dots).*®

Combined, these results show a correlation between blinking and spectral diffusion

for single emitters in monolayer h-BN, closely reminiscent of the behaviour observed

14



in quantum dots, where perturbations in the local electric field on the surface of the
quantum dots, or systematic surface oxidation,*? manifests as shifts in emission
frequency.53 More generally, the demonstration of power law blinking, and the
overlap with quantum dot systems, is significant; work over decades for quantum
dots has used single quantum dot fluorescence intermittency to understand the
complex photophysical phenomena at play, and to exploit it to create rational

devices. For example: the origin of blinking,?**° discovery of photoluminescence

enhancement™ and spectral bluing,?® chemical and passivation methods for reducing

dot blinking®® and improving quantum vyield,*® have all been important in the

57 58
I It

development of quantum dots for different biological®® and energy applications.
may be possible to draw on this literature to enhance h-BN emitter properties.
Certain approaches to control blinking, such as use of encapsulation or controlled

atmospheres that prevent oxidation, may enable single layer 2D materials to be

viable candidates for future optical applications, and should be explored.
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Conclusion

We have shown that wide-field microscopies that are routinely used in biology can
provide high-resolution, high-throughput and multidimensional approaches to study

the most challenging atomically thin material systems.

In the search for deterministic, narrow-band, stable single photon emission, these
results show that h-BN growth is important to consider. We show that CVD-grown
monolayers with large crystalline domains represent homogenous samples and
produce emitters with highly reproducible emission maxima at 575 nm £ 15 nm. The
emitter line shape is consistent with defects measured in thicker h-BN and we
propose they represent defects of the same structure. Our results show atomically
thin h-BN can possess these emitters, without the need for high temperature argon

annealing or ion irradiation.

However, we show that emitters exposed to the surface suffer from disorder-inducing
interactions, most likely with surface charges. Future work should involve control of
surface species, via encapsulation for example. Methods of controlling surface
contamination, without compromising optical extraction efficiency, will make

atomically thin h-BN an attractive candidate for future optical quantum applications.
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Materials and Methods

Sample Preparation

H-BN was grown via a CVD-method previously reported.’® In brief, h-BN is grown on
a platinum catalyst by exposure at temperatures of 1000 °C to borazine. Continuous
monolayers of h-BN form after a short period of growth. The samples are transferred
onto the glass substrate using mechanical delamination. Hereby, a stamp is applied,
and the h-BN layer can be directly peeled off the catalyst due to the weak interaction
between the two. The stack consisting of stamp and h-BN are transferred onto a
glass substrate and the stamp is removed. Prior to measurement all samples were
annealed for 3 hours at 500 °C in ambient atmosphere to remove all traces of

organic contaminant from the transfer process.

Structural Techniques

Raman measurements were performed with a Reinshaw inVia confocal Raman
microscope. The TEM is carried out on a FEI Tecnai Osiris S/TEM under 80keV. The
diffraction mapping is done by taking a diffraction pattern at grid points with step size
around 1.8 um in both the x and y directions. A selective aperture is used when taken
the diffraction so that the area of measuring is with about 1.4 um radius. The x and y
position is recorded by the reading from the piezo-stage. SEM images were taken on
a ZEISS Gemini 300 VP scanning electron microscope using an acceleration voltage

of 1 kV and an in-lens detector.

Optical set-up
Fluorescence imaging was performed using a homebuilt, bespoke inverted
microscope (Olympus 1X73) coupled to an electron multiplied charged coupled

device (EMCCD) camera (Evolve Il 512, Photometrics, Tuscon, AZ). The microscope

17



was configured to operate in objective-type total internal reflection fluorescence
(TIRF) mode. A 100 mW 532 nm continuous wave diode-pumped solid-state laser
(LASOS Lasertechnik GmbH, Germany) was directed off a dichroic mirror (Di02-
R532-25x36, Semrock) through a high numerical aperture, oil- immersion objective
lens (Plan Apochromat 60 x NA 1.49, Olympus APON 60XOTIRF, Japan) to the
sample coverslip. Total internal reflection was achieved by focussing the laser at the
back focal plane of the objective, off axis, such that the emergent beam at the
sample interface was near-collimated and incident at an angle greater than the
critical angle for a glass/air interface for TIRF imaging. This generated a ~ 50 um
diameter excitation footprint with power densities in the range ~0.1 kWcm™ at the
coverslip, for all measurements. The emitted fluorescence was collected through the
same objective and further filtered using a longpass filter BLP01-532-25 (Semrock,
USA) and a bandpass filter FF01-650/200-25 (Semrock, USA) before being
expanded by a 2.5 x relay lens (Olympus PE 2.5 x 125). Finally, a physical aperture
and transmission grating (300 groves/mm 8.6° Blaze angle —GT13-03, Thorlabs)
were mounted on the camera port path before the detector. The camera-to-grating
distance was optimised using Tetraspeck beads (0.1 um, T7297, Invitrogen) such
that undiffracted and first order diffraction was visible on the same image frame the
fluorescence image was projected onto the EMCCD running in frame transfer mode
at 20 Hz, with an electron multiplication gain of 250, operating at -70°C with a pixel

size of 16 um and automated using open source microscopy platform Micromanager.

Images were acquired at a frame rate typically 100 ms and 1,000-2,000 frames were
acquired. Each pixel on the image was equal to 107 nm. The co-ordinates
corresponding to the localizations within the spatial part of the images were

determined using the peak fit plugin for ImageJ.
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Samples were measured in air, with the h-BN facing upwards, illuminated from the

other side of the glass.

Spectral Calibration

The location of the spectral domain on the EMCCD chip is strongly dependent on the
orientation and position of the diffraction grating, and so to ensure that the
wavelengths determined were correct and therefore comparable, the instrument was

calibrated before imaging each day, and following re-alignment.

To calibrate the instrument, TetraSpeck beads were imaged by exciting at 405 nm,
532 nm and 633 nm and the emission collected from 480 to 760 nm (Supplementary
Figures 1-4) (100 frames were collected with a frame rate of 50 ms). The positions of
the beads within the spatial domain of the image were determined using the PeakFit
plugin (an ImageJ/Fiji plugin of the GDSC Single Molecule Light Microscopy (SMLM))

package for ImagedJ using a typical ‘signal strength’ threshold of ~30. The fit results

values are then saved as a text file in the directory containing the image for use the

subsequent spectral analysis below.

The spectral component of the image was analysed using a custom written python
code. The position of these three peaks allows both for the aberration correction (due
to the relationship between these and the spatial positions of the beads), and for the
pixel-to-wavelength ratio to be determined. For each localisation (with co

ordinates x, y, frame number), the spectrum for each of the three peaks was
averaged over a width of 3 pixels in the x-direction (to account for the spectra being

wider than one pixel). Each intensity profile was fit to a Gaussian distribution to
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determine the centre positions of the peaks. Fits that gave negative amplitudes,
centres outside of the range, widths <1.5 pixels or >20 pixels were discarded.

The ‘on’ and ‘off’ times for all emitter trajectories were determined using the ImageJ
PeakFit plugin. This plugin records localisations in a frame-by-frame manner if the
localisation meets a threshold signal (exact threshold parameters are given in the
methods). The output of the plugin is a text file with each localisation detected

recorded in each frame.

Emitters were deemed ‘on’ if they were detected with the following PeakFit
parameters: calibration: 107 nm/px, gain: 250, exposure timew: 100 ms, initial
stdev0: 2.0, initial stdev1: 2.0, initial angle: 0.0, smoothing: 0.5, smoothing2=3,
search width: 3, fit_solver= [Least Squares Estimater (LSE)], fit_function= Circular,
fit_criteria=[Least-squared error] significant_digits= 5, coord_delta= 0.0001, lambda=
10, max_iterations=20, fail_limit= 3, include_neighbours, neighbour_height= 0.30,
residuals_threshold= 1, duplicate=0.50, shift_factor= 2, signal_strength= 50,

width_factor=2, precision=30.

The code used to generate the ‘on’ and ‘off times counts the number of consecutive
frames a localisation with given x,y coordinates is recorded (on time), and the
number of consecutive frames a localisation is not emissive, between two emissive

frames (off time).

Supporting Information

The Supporting information PDF contains detailed methods and experimental section
as well as further characterisation of the h-BN monolayers and is available free of
charge on the ACS Publications website at DOI: XX.

A version of this article was previously uploaded to arXiv*®.

20



Corresponding Authors

*hs536@cam.ac.uk, sh315@cam.ac.uk, sh591@cam.ac.uk

Author Contributions

HLS, RW and SH conceived the project. HLS designed and conducted experiments
and analysed the data, with help from RW, LMN and SL. RW and RM grew the h-BN
samples and YF took structural measurements. HLS, RW, RM, YF, DK, JCS, TR,
RW, NG, SH and SL discussed the results. HLS wrote the paper with contributions

from all other authors.

Funding Sources

H.L.S acknowledges support from Trinity College, Cambridge. R.W. acknowledges
an EPSRC Doctoral Training Award (EP/M506485/1). J.C.S is affiliated with the
Cambridge Graphene Centre and funded by the EPSRC Doctoral Training Centre in
Graphene Technology, EPSRC grant EP/L016087/1. R.M was supported by EPSRC
Cambridge NanoDTC, EP/L015978/1. We thank the Royal Society for a University
Research Fellowship to S.F.L (UF120277). S.H acknowledges funding from the
European Union’s Horizon 2020 research and innovation programme under grant

agreement number 785219.

Acknowledgments

We thank Dr Mark Osborne for his critical reading of the manuscript.

21



Figures

(a)

i 1Tcmx1cm
h-BN air lomxior
e YY) L —
glass —
evanescent
wave
! !
reflected incident
laser beam laser beam

Wavenumber, cm™’
1300 1400 1500 1600 1700

(b)

(c)

monolayer hBN
Aey= 532 nm

Figure 1. (a) Total internal reflection illumination geometry for measurement of the h-
BN monolayer. (b) Raman spectra of monolayer h-BN on SiO; substrate (red) and

blank (grey), with monolayer h-BN E,4 peak noted with a dashed line. Inset shows a
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schematic of an h-BN monolayer. (¢) A Z-stack of 500 frames from a near-field
microscopy image of a monolayer of h-BN on glass, excited with CW laser light at
532 nm. (d) Zoomed images of single 100 ms frames showing the blinking of a single

emitter (highlighted in red in (b). The scale bar is 400 nm.
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Figure 2: (a) Peak photon counts over time for an emitter in monolayer hBN. Lines

‘on’ and ‘off’ are a guide to the eye to represent the photon counts for the emissive

and non-emissive thresholds. Probability distribution of ‘on’ (b) and ‘off’ (c) times for

208 blinking emitters across 15 measurements with power law fits shown in red.

Distributions are composed from histograms of ‘on’ and ‘off’ times, with bin size of

100 ms. Inset shows dependence of gradient on laser excitation energy.
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Figure 3. (a) Schematic of the spectrally-resolved measurement geometry. A
collimated excitation source is totally internally reflected at the glass-air interface of
the sample. Emitted light is directed through a tube lens and towards the diffraction
grating and detector. (b) A Z-stack of 1000 frames of the image recorded on the
EMCCD. The spatial and spectral domains are contrast adjusted. (c) A zoomed view
of the dashed box in the spectral region of image (b). The spectra are obtained from
the first order transmission through the diffraction grating. Spatial image of three
emissive defects, obtained from the zeroth order transmission through the diffraction
grating. The integrated counts obtained for the circled emitter is 5.3 x 10* counts/s.
Each axis of the x,y scale bar equates to 1.5 um. (e) The single emitter spectrum,

middle spectrum in (c), for the middle emitter shown in (d)
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Figure 4. (a) Histogram showing the peak emission wavelength position across two
growths of h-BN monolayers, with multiple spectra shown per emitter, termed
‘multiple sampling’. Inset shows emission maxima obtained for two individual growths
(10 measurements per growth). (b) Histogram compiled from the same
measurements used in (a), showing the average emission maximum shown per
emitter (emitters sampled once), termed ‘single sampling’. Inset shows the average
emission maxima obtained for the same two individual growths reported in (a). (c)
Histogram showing average number of frames for 208 emitters. Distributions of
emission maxima measured for emitters that display ‘low’ blinking (less than 100 on-
off cycles and median ‘off’ time greater than 30 s) (d) and ‘high’ (greater than 600 on-

off cycles and median ‘off’ time greater than 30 s) (e).
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Figure 5. Emission maxima (a) and intensity (b) measured for emitter 1 over 150 s.
(c) Integrated emission spectrum for emitter 1 (90-130 s) and histogram of emission
maxima (d). Distribution of photon counts (e). Emission maxima (f) and intensity (g)
measured for emitter 2 over 150 s. (h and i) Integrated emission spectrum for emitter
2 (at 54-55 and 1369-1370 s) and histogram of emission maxima (j). Distribution of

photon counts (k).

27



References

1Britnel|, L.; Gorbachev, R.V.; Jalil, R.; Belle, B.D.; Schedin, F.; Katsnelson, M.I.;
Eaves, L.; Morozov, S.V.; Peres, N.M.R.; Leist, J.; Geim, A.K.; Novoselov, K.S.;
Ponomarenko, L.A. Field-Effect Tunneling Transistor Based on Vertical Graphene
Heterostructures. Science, 2017, 335, 947-950.

2Geim, A. K. & Grigorieva, I. V. Van Der Waals Heterostructures. Nature , 2013,
499, 419-425.

*Palacios-Berraquero, C.; Barbone, M.; Kara, D. M.; Chen, X,; Goykhman, D.Y.; Ott,
Ak.; Beitner, J.; Wantanabe, K.; Taniguchi,T.; Ferrari, A. C, Atature, M. Atomically
Thin Quantum Light-Emitting Diodes. Nat. Comm, 2016, 7,12978.

“Tonndorf, P.; Schmidt, R.; Schneider, R.; Kern, J.; Buscema, M, Steele, G.A.;
Castellanos-Gomez, A.; van der Zant, H.S.J.; Michaelis de Vasconcellos, S.;
Bratschitsch, R. Single-Photon Emission From Localised Excitons In An Atomically
Thin Semiconductor, Optica, 2015, 4, 2334-2536.

°Atature, M.; Englund, D.; Vamivakas, N.; Sang-Yun,L.; Wrachtrup, J. Material
Platforms For Spin-Based Photonic Quantum Technologies, Nat Revs, 2018, 3, 38-
51.

®Aharonovich, I., Englund, D, Toth, M., Solid-State Single-Photon Emitters, Nat.
Photon, 2016, 10, 631-641.

Tran, T, T.; Bray, K.; Toth, M.; Aharonovich, I. Quantum Emission From Hexagonal
Boron Nitride Monolayers, Nat. Nano, 2016, 1, 37-41.

®Dean, C. R.; Young, A. F.; Meric, |.; Lee, C.; Wang, L.; Sorgenfrei, S.; Wantanabe,
K.; Taniguchi, T.; Kim, P.; Shepard, K, L.; Hone, J. Boron Nitride Substrates For
High-Quality Graphene Electronics. Nat. Nano. 2010, 5, 722-726.

9Banszerus, L.; Schmitz, M.; Engels, S.; Dauber, J.; Oellers, M.; Haupt, F.;
Watanabe K.; Taniguchi, T.; Berschoten, B.; Stampfer, C. Ultrahigh-Mobility
Graphene Devices From Chemical Vapor Deposition On Reusable Copper. Sci. Adv.
2015, 1, 1-6.

28



10Doherty, M, W.; Manson, N.B.; Delaney, P.; Jelezko, J.; Wrachtrup, J.; Hollenberg,
L.C.L. The Nitrogen-Vacancy Colour Centre In Diamond, Phys. Rep, 2013, 528, 1-
45.

11Jelezko, F, and Wrachtrup, J. Single Defect Centres In Diamond: A Review, Phy,
Stat. Sol. 2006, 203, 3207-3225.

12 Jungwirth, N.R.; Calderon, B.; Ji, Y.; Spencer, M.G.; Flatte, M.E.; Fuchs, G.D.
Temperature Dependence Of Wavelength Selectable Zero-Phonon Emission From
Single Defects In Hexagonal Boron Nitride. Nano Lett, 2016, 16, 6052-6057.

3Tran, T. T.; Elbadawi, C.; Totonjian, D.; Lobo, C.J.; Grosso, G.; Moon, H.; Englund,
D.R.; Ford, M.J.; Aharonovich, I. and Toth, M. Robust Multicolor Single Photon
Emission from Point Defects in Hexagonal Boron Nitride. ACS Nano. 2016, 10,
7331-7338 .

l4Exarhos, A, L.; Hopper, D, A.; Grote, R. R.; Alkauskas, A.; Bassett, L.C. Optical
Signatures Of Suspended Hexagonal Boron Nitride, ACS Nano, 2017, 11, 3328-
3336.

15Choi, S.; Tran, T. T.; Elbadawi, C.; Lobo, C.; Wang, X.; Juodkazis, S.; Seniutinas,
G.; Toth, M.; Aharonovich, |. Engineering and Localization of Quantum Emitters In
Large Hexagonal Boron Nitride Layers. ACS Appl. Mater. Interfaces, 2016, 8,
29642-29648.

16Grosso, G.; Moon, H.; Lienhard, B.; Ali, S. A.; Efetov, D. K.; Furchi, M. M.; Jarillo-
Herrero, P.; Ford, M. J.; Aharonovich, I.; Englund, D. Tunable And High-Purity Room
Temperature Single-Photon Emission From Atomic Defects In Hexagonal Boron
Nitride. Nat. Commun. 2017, 8, 1-8.

17Xu, Z-Q.; Elbadawi, C.; Tran, T. T.; Kianinia, M.; Li, X.; Liu, D.; Hoffman, T. B.;
Nguyen, M.; Kim, S.; Edgar, J.; Wu, X.; Song, L.; Ali, S.; Ford, M.; Aharonovich, I.
Single Photon Emission From Plasma Treated 2D Hexagonal Boron Nitride.
Nanoscale, 2018, 10, 7957-7965.

29



18Wang, R.; Purdie, D. G.; Fan, Y.; Massabuau, F. C.-P.; Braeuninger-Weimer, P.;
Burton, O. J.; Blume, R.; Schloegl, R.; Lombardo, A.; Weatherup, R. S.; Hofmann, S.
A Peeling Approach for Integrated Manufacturing of Large Mono-Layer h-BN
Crystals. ACS Nano 2019, 13, 2114-2126.

9Kidambi, P, R., Blume, R.; Kling, J.; Wagner, J. B.; Baehtz, C.; Weatherup, R. S_;
Schloegl, R.; Bayer, B. C.; Hofmann, S. In Situ Observations During Chemical
Vapour Deposition Of Hexagonal Boron Nitride On Polycrystalline Copper. Chem.
Mat, 2014, 26, 6380-632.

20Raja, A.; Chaves, A.; Yu, J.; Arefe, G.; Hill, H. M.; Rigosi, A, F.; Berkelbach, T. C;
Nagler, P.; Schuller, C.; Korn, T. Nuckolls, C.; Hone, J.; Brus, L. E.; Heinz, T.F;
Reichman, D.R.; Chernikov, A. Coulomb Engineering Of The Bandgap And Excitons
In 2D Materials. Nat. Commun., 2017, 8, 15251.

21Crovetto, A.; Whelan, P. R.; Wang, R.; Galbiati, M.; Hofmann, S.; Camilli, L. Non-
Destructive Thickness Mapping of Wafer-Scale Hexagonal Boron Nitride Down To A
Monolayer. ACS Appl. Mater. Interfaces 2018, 10, 25804-25810.

22Braeuninger-Weimer, P.; Funke, S.; Wang, R.; Thiesen, P.; Tasche, D.; Viol, W.;
Hofmann, S. Fast, Non-Contact, Wafer-Scale, Atomic Layer Resolved Imaging of 2D
Materials by Ellipsometric Contrast Micrography. ACS Nano, 2018, 12, 8, 8555-8563.

23Alem, N.; Erni, R.; Kisielowski, C.; Rossell, M. D.; Gannett, W.; Zettl, A. Atomically
Thin Hexagonal Boron Nitride Probed By Ultrahigh-Resolution Transmission Electron
Microscopy. Phys. Rev B, 2009, 80, 155425.

2%Wong, D.; Velasco, J.; Ju, L.; Lee, J.; Kahn, S.; Tsai, H-Z.; Germany, C.; Taniguchi,
T.; Wantanabe, K.; Zettl, A.; Wang, F.; Crommie, M. F. Characterisation And
Manipulation Of Individual Defects In Insulating Hexagonal Boron Nitride Using

Scanning Tunneling Microscopy. Nat. Nano, 2015, 10, 949-953.

30



Z5Pham, T.; Gibb, A. L.; Li, Z.; Gilbert, S. M.; Song, C.; Louie, S. G.; Zettle, A.
Formation And Dynamics Of Electron- Irradiated-Induced Defects In Hexagonal
Boron Nitride At Elevated Temperatures, Nano Letts, 2016, 16, 7142- 7147.

26Bongiovanni, M. N.; Godet, J.; Horrocks, M. H.; Tosatto,m L.; Carr, A. R;;
Wirthensohn, D. C.; Ranasinghe, R. T.; Lee, J-E.; Ponjavic, A.; Fritz, J. V. Dobson,
C. M.; Klenerman, D.; Lee, S.F. Multi-dimensional Super-Resolution Imaging
Enables Surface Hydrophobicity Mapping, Nat. Comms, 2016, 7, 13544.

27Duong, H. N. M.; Nguyen, M.A.P; Kianinia, M.; Ohshima, T.; Abe, H.; Watanabe,
K.; Taniguchi, T.; Edgar, J. H.; Aharonovich, |.; Toth, M. Effects of High-Energy
Electron Irradiation On Quantum Emitters In Hexagonal Boron Nitride, ACS Appl.
Mater. Interfaces, 2018, 10, 24886-24891.

28Frantsuzov, P.; Kuno, M.; Janko, B.; Marcus, R.A. Universal Emission Intermittency
In Quantum Dots, Nanorods And Nanowires. Nat. Phys, 2008, 4, 519-522.

2ILee, S, F.; Osbourne, M. A. Brightening, Blinking, Bluing and Bleaching In The Life
Of A Quantum Dot: Friend Or Foe? Chem. Phys. Chem, 2009, 10, 2174-2191.

30Kuno, M.; Fromm, D. P.; Hamann, H. F.; Gallagher, A.; Nesbitt, D.J.
Nonexponential ‘Blinking’ Kinetics Of Single CdSe Quantum Dots: A Universal Power
Law Behavior. J. Chem. Phys, 2000, 112, 3117.

31Wu, C.; Soomro, A. M.; Wang, H.; Huang, Y.; Wu, |.; Liu, C.; Yang, X.; Yang, X;
Gao, N.; Chen, X. Kang, J.; Cai, D. Large-Roll Growth Of 25-Inch Hexagonal BN
Monolayer Film For Self-Release Buffer Layer Of Free-Standing GaN Wafer,
Scientific Reports, 2016, 6, 34766.

32 ee, S.A.; Ponjavic, A.; Siv, C.; Lee, S. F.; Biteen, J. S. Nanoscopic Cellular
Imaging: Confinement Broadens Understanding, ACS Nano, 2016, 10, 8143-8153.

33Wantanabe, K.; Taniguchi, T.; Kanda, H. Direct Bandgap Properties And Evidence
For Ultraviolet Lasing Of H-BN Single Crystals, Nat. Mater, 2004, 6, 404-409.

31



34Qrellana, W.; Chacham, H. Stability Of Native Defects In Hexagonal And Cubic
Boron Nitride. Phys. Rev. B, 2001, 63, 125205.

35Attaccalite, C.; Bockstedte, M.; Marini, A.; Rubio, A.; Wirtz, L. Coupling Of
Excitons And Defect States In Boron-Nitride Nanostructures. Phys. Rev. B, 2011,
83, 144115.

36Cichos, F.; von Borczyskowski, C.; Orrit, M. Power Law Intermittency Of Single
Emitters, Current Opinion in Colloid and Interfacial Science, 2007, 12, 272-284.

37Berhane, A, M.; Bradac, C.; Aharonovich, |. Photoinduced Blinking In A Solid-State
Quantum System, Phys. Rev. B, 2017, 96, 041203.

38Bradac, C.; Gaebel, T.; Naidoo, N.; Sellars, M. J.; Twamley, J.; Brown, L.J.;
Barnard, A. S.; Plakhotnik, T.; Zvyagin, A. V.; Rabeau, J. R. Observation And Control
Of Blinking Nitrogen-Vancancy Centres In Discrete Nanodiamonds, Nat. Nano. 2010,
5, 345-349.

3%9Yeow, E. K. L.; Melnikov, S. M.; Bell, T. D. M.; de Schryver, F, C.; Hofkens, J.
Characterising The Fluorescence Intermittency And Photobleaching Kinetics Of Dye
Molecules Immobilized On A Glass Surface. J. Phys. Chem. A, 2006, 110, 1726-
1734.

40Kianinia, M.; Bradac, C.; Sontheimer, B.; Wang, F.; Tran, T. T.; Nguyen, M.; Kim,
S.; Xu, Z-Q.; Jin, D.; Schell, A. W.; Lobo, C. J.; Aharonovich, |.; Toth, M. All-Optical
Control And Super-Resolution Imaging Of Quantum Emitters In Layered Materials,
Nat. Comm, 2018, 9, 874.

41Feng, J.; Deschout, H.; Caneva, S.; Hofmann, S.; Loncaric, |.; Lazic, P.;
Radenovic, A. Imaging Of Optically Active Defects With Nanometer Resolution, Nano
Letts, 2018, 18, 1739-1744.

4ZMartinez, L. J.; Pelini, T.; Waselowski, V.; Maze, J. R.; Gil, M. B.; Cassaboi, G.;
Jacques, V. Efficient Single Photon Emission From A High-Purity Hexagonal Boron

Nitride Crystal. Phys. Rev. B, 2016, 94, 1-5.

32



43Tran, T, T.; Zachreson, C.; Berhane, A. M.; Bray, K.; Sandstrom, R. G.; Li, L. H_;
Taniguchi, T.; Watanabe, K.; Aharonovich, I.; Toth, M. Quantum Emission From
Defects In Single-Crystalline Hexagonal Boron Nitride, Phys. Rev. Appl. 2016, 5,
034005.

44Nash, D. J.; Restrepo, D. T.; Parra, N. S.; Giesler, K. E.; Penabade, R. A;;
Aminpour, M.; Le D.; Li Z.; Farha, O. K.; Harper, J. K. Heterogeneous Metal-Free
Hydrogenation Over Defect-Laden Hexagonal Boron Nitride, ACS Omega, 2016, 6,
1343-1354.

45 ee, S. F.; Osborne, M. A. Photodynamics Of A Single Quantum Dot :
Fluorescence Activation, Enhancement, And Decay, JACS, 2007, 129, 8936-8937.

46Han, R.; Zhang, Y. W.; Dong, X.; Gai, H.; Yeung, E. S. Spectral Imaging Of Single
Molecules By Transmission Grating Based On Epi-Fluorescence Microscopy, Anal.
Chem. Acta, 2008, 619, 209-214.

47Chen, H.; Gai H.; Yeung, E. S. Inihibition Of Photobleaching And Blue Shift In
Quantum Dots, Chem. Comm. 2009, 13, 1676.

48Mendelson, N.; Xu, Z-Q.; Tran, T. T.; Kianinia, M.; Bradac, C.; Scott, J.; Nguyen,
M.; Bishop, J.; Froch, J.; Regan, B.; Aharonovich, I.; Toth, M. Bottom Up Engineering
Of Near-ldentical Quantum Emitters In Atomically Thin Materials, 2018,
arXiv:1806.01199.

49Li, X.; Shepard, G. D.; Cupo, A.; Camporeale, N.; Shayan, K.; Luo Y.; Meunier, V_;
Strauf,. S. Nonmagnetic Quantum Emitters In Boron Nitride With Ultranarrow And

Sideband Free Emission Spectra, ACS Nano, 2017, 11, 6652-6660.

50Trautman, J. K.; Macklin, J. J.;, Brus, L. E.; Betzig, E. Near-Field Spectroscopy Of
Single Molecules At Room Temperature, Nature, 1994, 369, 40-42.

33



51Xue, Y.; Wang, H.; Tan, Q.; Zhang, J.; Yu, T.; Ding, K.; Jiang, D.; Dou, X.; Shi, J.
J.; Sun, B, Q. Anomalous Pressure Characteristics Of Defects In Hexagonal Boron
Nitride Flakes, ACS Nano, 2018, 12, 7127-7133.

52Fisher, A. A. E.; Osborne, M. A. Sizing Up Excitons In Core-Shell Quantum Dots
Via Shell-Dependent Photoluminescence Blinking, ACS Nano, 2017, 11, 7829- 7840

53Neuhauser, R. G.; Shimizu, K. T.; Woo, W. K.; Empedocles, S. A.; Bawendi, M. G.
Correlation Between Fluorescence Intermittency And Spectral Diffusion In Single
Semiconductor Quantum Dots, Phys. Rev. Letts. 2000, 85, 3301.

54Chen, O.; Zhao, J.; Chauhan, V. P.; Cui, J.; Wong, C.; Harris, D. K.; Wei, H.;
Fukumura, D.; Jain, R. K.; Bawendi, M. G. Compact High-Quality CdSe—CdS Core—
Shell Nanocrystals With Narrow Emission Linewidths And Suppressed Blinking, Nat.
Mater, 2013, 12, 445-451.

55Mabhler, B.; Spinicelli, P.; Buil, S.; Quelin, X.; Hermier, J-P.; Dubertret, B. Towards
Non-Blinking Colloidal Quantum Dots, Nat Materials, 2008, 7, 659-664.

56Yao, J.; Larson, D. R.; Vishwasrao, H. D.; Zipfel, W. R.; Webb, W. W. Blinking and

Nonradiant Dark Fraction Of Water-Soluble Quantum Dots In Aqueous Solution,
PNAS, 2005, 102, 14284-14289.

57Wu, S.; Han, G.; Milliron, D. J.; Aloni, S.; Altoe, V.; Talapin, D. V.; Cohen, B. E;
Schuck, P. J. Non-Blinking And Photostable Upconverted Luminescence From
Single Lanthanide —Doped Nanocrystals, PNAS, 2009, 106, 10917-10921.

58Shirasaki, Y.; Supran, G. J.; Bawendi, M. G.; Bulovic, V. Emergence Of Colloidal
Quantum Dot Light-Emitting Technologies, Nat. Photonics, 2013, 7, 13-23.

*Stern, H.L.; Wang, R.; Fan, Y.;Mizuta, R.; Stewart, J.C.; Needham, L.M.; Roberts,
T.D.; Wai, R.; Ginsberg, N.S.; Klenerman, D.; Hofmann, S.; Lee, S.F. Spectrally-
resolved photodynamics of individual emitters in large-area monolayers of
hexagonal-boron nitride, 2019, arXiv.1901.02793.

34



35



For Table of Contents Graphic

Wavenumber, cm™’
1300 1400 1500 1600 1700

monolayer hBN
Aey= 532 Nm

36



