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Preamble

This report describes the progress accomplished and tasks performed so far in the
first and second years of the PhD academic programme and the research projédie
report is structured accordingto a research plan and communicates the advances made
on material growth, characterisation, and fabrication of a controllable single-photon

emitter device.

Introduction

Single-photon emitters (SPEs) are becomingone of the primary building blocks
of future photonic technologies, as this fundamental resource would enable scalable
fabrication of quantum information technologies. A perfect omdemand SPE should be
capable of emitting singular photons with precisionm time, indistinguishable from each
other. Such a devicevould allow the implementation of several Quantum technologies
such as Quantum computing schemes, Quantum secure communication protocols, and
Quantum sensing and ratrology!. SPEs are also often referred to as antibunchéidht
sources, meaning that the light produced by said source follows stRpissonian statistics

and is distinctly non-classical.

Graphene is a two-dimensional semimetal whose Fermi level, and thus optical
conductivity, can be altered inmany ways, such as electrostatic gating, chemical doping,
physical straining, eté. By elevating or lowering thegraphenés Fermi level, it is possible
to manipulate its properties so it cancontrol the passage of light viaPauli blocking 3,
which consists in filling all the states in graphene up to a given energy level such that
photoelectric transitions can no longer occur for photon energies inferior to the Fermi

level.

The complementary crystal lattice matching between graphene and hBN
alongside graphenés light-switching capabilities may prove to be ahighly scalable

means of producingsingle-photon on-demand devices.

In this report , the progress accomplished in the firshnd secondyears of research

on the topic of single photons ordemand from a 2D material heterostructure is



highlighted. A topic such as chemical vapour deposition of 2D materials, 2D material
characterisation, fluorescence microscopy and probing of properties of single photon
emitter (SPE) in hBN, as well as microfabrication of electricgllcontrollable 2D material

SPE platforms are addressed.

WPO0: Academic Programme

The MAPTfis doctoral programme in physics includes an academic curricular

component that featured the following classes and seminars:

The following course elements arepart of the Advanced Physics Topics aAnd will
contribute to 12 ECTS points.

-Introduction to Nano -Optics: A tutorials based class where the student is tasked
with writing and presenting a report on a NaneOptics theme of their choosing. In this
case the report was on the theme of how to bypass the optical diffraction limit of light

using subwavelength light-matter interaction;

-Advanced Material Preparation and Characteri sation : A series ofclasseson
sample preparation andcharacterisation techniques such as sputtering, laser ablation,
spectroscopicellipsometry, Raman spectroscopy,©AU AE £ZFOAAOET 1T h AOAS
tasked with completing a written test about the subjects covered in thelassesand
writing a report on one of the techniquesexplained in the classes (in the case of this

student the selected echnique wasRaman spectroscopy);

-Integration of Single -Photon Sources in Photonic Devices for Quantum
Technologies: A tutorials based class requested by the student, as it pertains directiy
his PhD topic. The student was tasked to conduct experiments with 2D material chemical
vapour deposition and performing image processing analysis for the extraction and
characterisation of single photon emitter time traces from hBNsamples. A report based

on the findings was delivered

-Physics of Electronic Materials and Devices: A series of classes on
semiconductor and condensed matter physics and some of its respective applications.

The student was tasked to solve homework exeiges on the subject.



-Communicating Science: A set of classes on how to prepare, train, and
successfully deliver an oral presentation. The student was tasked wittelivering a
presentation explaining and introducing his PhD topido a nonscientific audience in the

restricted time frame of 3 minutes;(3 ECTS)

-Entrepreneurship: A series of classes introducing entrepreneurship methods
and concepts on how to develop and evaluated a business pldime student was tasked
with brainstorming a business idea in agroup and developing the business plan for the
respective idea. A report, an oral presentation, and an analysis on an article pertaining to

the topic of regional development was delivered(3 ECTS)

-Defence of the Essay:A literature review of the state-of-the art and introduction
to the PhD topic as well as an elaboration and justification of a work plan for the tasks to
be undertaken during the PhD were reported. In addition, the essay was defended

publicly in an oral presentation before a committee of MAPfis professor¢l12 ECTS)

The academic programrequires 30 approved ETCS points, thus, the candidate

successfully achieved the academic requirements during the first year.

WP1: Fabrication of hBN Grapheneand hybrid devices

As indicated in the work plan delivered one year prior the first task consisted on
the growth and preparation of the 2D materials necessary for the assembly of the 2D

material heterostructure.
In the following the progress on these tasks will belescribed.

WP1.1. Materials
-WP1.11. Material growth

Continuous hBN thin films were prepared by atmosphere pressure chemical
vapour deposition (AP -CVD). Firstly, the catalytic substratsused in the growth process
(99.99999% pure 2 by 10 cn? copperfoil) w ere prepared by 1-minute chemical polishing
in ultrasounds using a mixture of 10 mL of HCI (37%), 10 mL of FeCand 280 mL of pure
water. The substrates were mounted on a silicoroxide/silicon holder and placed in a
quartz tube, centred on the eaction furnace that surrounds the part of the tube where

the growth reaction happens. Solid ammonia borane precursdB.5 mg)is placed in an



aluminium crucible which is also mounted in the quartz tube part surrounded by a heater.
Secondly, a flow of 10&ccm of Ar/Hz (95%/5%) gas mixture is injected from one side of
the tube for 20 minutes to purge the atmosphere of other potentially reactive gases, like
oxygen. Then the substrate is annealed at 1020 °C for 40 minutes, taking the furnace 25
extra minutesto reach this temperature. Postannealing, the substrate is cooled down to
room temperature before the next step which consists in heating the precursor at 100 °C
for 150 minutes under a lower 5 sccm gas flow to sublimate the ammonia borane into gas
precursors. After triggering the precursor's phase change, the furnace is once more
heated to 1020 °CGand agas mixture flow of 100 sccmis injected to act as a carrier gas to
the sublimated precursor, which will transport the reagents to the substrate where the

hBN growth takes place over the course of 30 minutes after a 25 minute heating step.

Hexagonal Boron Nitride is highly regardedor being a host material forroom
temperature single photon emitters (SPES). In line with the objective of assemblinga
2D material heterostructure,graphenewas transferred onto hBN to study the effects on

the emissian characteristics on the SPEs.

Graphene flakes and continuous graphene films were grown bgxygen assisted
low pressure chemical vapour deposition (LP -CVD). The 5 by 5 and 10 x 10 cin
copper foil substrates were treated with the same chemical polishing treatment as for the
hBN growth process and were also oxidisean a hot plate at 250°Cfor 30 minutes, to
increase the oxygen concentration during growth. This substrate is mounted in a graphite
box with a sapphiredisk mounted over it using two graphite supports. The purpose of
the sapphire is to continuously release oxygen during the reaction process which
mediates the growth of large graphene crystals. The purpose of the graphite box go:
fold, it both confines the atmosphere near the sample to increase the oxygen
concentration near the sample and protects the material from the deposition of silicates
originating from the sublimation of the quartz tube reactor. The copper foilis annealed
in an argon atmosphere for 30 minutes at 1040 °C. Methane is injected as a precursor gas
for graphene, along with argon to adjust the partial pressure of the reagentgnd
hydrogen which mediates the growth process in conjunction with the oxygen to enable
the deposition of large crystals and large grain continuous graphene. The grtiwprocess

is done at 1040 °C. Parameters such as methane, argon, and hydrogen flow, as well as



growth time and process pressure were varied to analyse their effects on the sample

quality.

In conclusion the growth of thehBN and Graphenenaterial was executed in line
with the time plan proposed (First 8 months), and it should be highlighted that a
considerably fastspeed of fabricationof 30 min for over 1 mm sized graphene flakes was
achievec. The quality was enough to performcharacterisation of functional properties
described in WP2.

WP1.2. Devices
-WP1.2.1 Designs for 2D material heterostructure devices

Several strategies to assemble electrically addressable 2D material
heterostructures for the controlled fluorescent quantum emission from hBN defects
simultaneously using hBN asagatedielectric for modulating graphene's Fermi level were
implemented. Thefirst attempt, illustrated in Figurel, consisted of a simple manual
stacking of graphend hBN/ graphene layers, where each graphene layer acted as a
condenser plate which could be addressed using probe need]asd the hBN layer served

as the dielectric.

Tﬁb

| |
Figurel: lllustration of the manually assembled stack o

materials. The blek lines illustrate graphene drthe grey
layer illustrates the hBN containing SPEs

The second strategy involved microfabrication in assemblingmetal contactsto
facilitate ohmic contact to the graphene layers withoudamaging the 2D materials and

patterning the heterostructure into 7 by 5 mn® areas



Figure2: Schematic of the lithography masks used in the devices' microfabrication. The yellow
layer represents the metal contacts addressing the bottom graphene layer, the blue rectangles
represent the 2D material heterostructure etch protection mask, and thegeranask
represents the metal contacts addressing the top graphene.layer

The third strategy consisted in replicating the previous process, but with
microscopic-sized heterostructures and some variety in the design, such as 150 by 150
pm?2 graphene/hBN/graphene heterojunctions, 100 by 100 prh
graphene/hBN/graphene heterojunctions, and 150 by 150 pfgold/ hBN/graphene

heterojunctions.

Figure 3. Schematic of the lithography masks used in the fabrication of niheo
heterostructures. The yellow mask represents the metal contacts addressing the bottom



graphene layers and a reference mass, the blue mask represents the heterostructures, and the
orange mask represents the metal contacts addressing the top grapagers |

-WP1.2.2 Processes for fabrication

The manual stacking of 2D materialerzas done by multiplepolymer -assisted wet
transfers of 2D materials , a staple process in all devices implementédA layer of low
molecular weight PMMA is deposited over the graphene or hBN layer by spin coating, and
the opposite side of the copper fojlwhich holds the sampleis cleaned of 2D material
residues with an oxygen plasmaThe copper foil is etched at room temperature in 0.5 M
FeC} for approximately 3 hoursto release the PMMA and graphene, or PMMA and hBN
layers. The resulting membrane is then transferred to a low concentration (2%) HCI for
1 hour and 30 minutesto remove FeC residues from the2DM'ssurface. After letting the
sample rest for 10 minutes in a pure water bath, it is finally transferred to a glass
coverslip and dried on a hotplate at 65 °C for 30 minutes. The removal of the PMMA is
done overnight inan acetone bathFinally, the samplesare immersed in IPA and water to

remove acetone residues.

The samples requiring microfabrication were assembié by combining the 2DM
transfer process with standard cleanroom processes such & direct laser writing, spin

coating, metal sputtering, and reactive ion etching.

To fabricate the bottom metal contacts, 1035 nm of AZ1505 positive photoresist
were spin coated onto a HDMS primed glass coverslip. Direct laser writing was then used
to pattern the bottom contact design on the photoresist, which was then developed using
AZ400K. A metal stack of Cr/Au (3/10 nm) was deposited via magnetron sputtering, and
the contacts were formed by liftoff in an acetone bath with ultrasounds. The 2D material
heterostructure stack is then transferred using the samepolymer-assisted wet transfer
method. Another lithography exposure was done to pattern etch protection masks over
the heterostructure region, and the surrounding 2DM was etched using inductively
coupled oxygen plasmakinally, another lithography cycle was done to form the topnetal
contacts by repeating the steps for the bottom contacts, except the final liftoff was done

without ultrasounds to avoid damaginghe graphene and hBN.



The micro heterostructure devices were fabricated using the same procesxcept
for an additional graphene patterning to form the goldhBN/graphene devices, and the
top contact lithography wasperformed using a LOR + AZ1505 photesist (500 nm/1035

nm) and an mr-Rem 500 solvent at 65 °C for the liftoff.

Length = 10.67 ym

Length = 188.47 ym

Length = 149.45 ym

Length = 150.68 pm

100 pm

Figured4: Example of a micrtabricatedgraphene/hBN/graphene heterostructure with device
area of 150 by 15Qn?. Theareasurrounding theheterostructureis dirtied by debris formed
during the 2D material etching step.

In conclusion,all three strategies using CVD hBN as the gate dielectric in a device
that modulates the graphene's Fermi level failed to producea usable deviceHowever,
much knowledge was obtained onproceeding and handlingthe 2D materials for future
device designs With the first strategy, it became evident that it would be impossible to
achieve preliminary measurements without microfabrication. The second strategy
revealed that the irregularity of the manual 2D material transfer method paired with
large heterostructure sizes wouldresult in short-circuited devicesdue to tearing in the
insulator material and the higher likelihood of current transmission through pinholes in

the material. The third strategy showed that even with shorter aregghe thinness of the



hBN layer would rerder the application of sufficient voltage difference to the graphene

impossible without breaking down the material and shortcircuiting the device.

Despite all the process sequences failing at producing functioning devices, this can
be mainly attributed to the manual handling of the 2D materials, clipping of the material
at the contact edges, and thinness of the hBN lay&rThe standard cleanroom techniques
were successfully implemented inpatterning the 2D material heterostructure and

forming metal contacts toaddress the graphene patches electrically

-WP1.2.3 Assembling a device for electrostatic modulation of graphene

A new strategy to control the Fermi level of graphene in the vicinity of HB had to
be implementedwith an independent gate dielectricsince applying an electrostatic field
through the CVD hBNquickly led to the hBN dielectric breakdown. The logical
progression was to perform the gating of the graphene using a separate devied then
place the hBN close to the graphen&his new attempt posed anew challenge lecause
the microscopes at INL use an inverted geometrywhich means thatthe materials
selected for the fabrication of the device must be sufficiently transparent foefficient
sample excitation and signal collectiorthrough the entire device. The conceptfor the
device is comparable to a capacitor wherehe top plate is the graphene sheetand the
bottom plate, separated from the graphene by a dielectric, would be a transparent
conductor. The device was made bgputtering 20 nm of Indium-Tin-Oxide (ITO) on a 170
t I OE E Adverslid aAdar@n performing optical lithography andift off to open a via
on a subsequently sputtered 50 nm thick film of ADs. A layer of chromium and gold
(3/20 nm) was sputtered over the sample and a photoresist protection mask was
patterned over the gold shapping the device contacts. lonmilling using an ion beam at a
fixed angle of 175° was performed to etch the surface metal into the shape of the contacts

while providing a smooth incline for the2D materials to attach to(Figureb)
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Figure5: lllustration ofa crosssectionof the graphene Fermi level modulating device

The ion mill at a fixed angle was showto lack homogeneity and the large size
selected for the probe needles' contact pads (1 x 1 mn®) led to quick dielectric
breakdown, such that the devices shortircuited before observing the desired
fluorescence quenching and Pauli blocking effects during optical measurements. It
became clear that adjustmentshad to be made regarding the contact patterning and

dimensions.

WP2: Graphene and hBN Materiatharacterisation

-WP2.1.Morphological characterisation

To characteri se the graphene flake morphology , the samples were heated at
80 ° for 1 to 5 minutes tooxidise the copper foils substrate. Since substrate areas covered
in graphene area protected from oxidation, this yields a very noticeable contrast between
the graphene and the substraté. Flake shape and size are then observed on the optical

microscope.
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Figure6: Optical microscope inspection of graphene flakesopper foil.

Optical inspection of the samples during the microfabrication processes revealed
that debris is formed during the ICP oxygen plasma etching of the 2DM material stack
(seeFigured). This is a potential indicator that the reaction of oxygen with the 2DMs is

originating solid by-products, such as BOs2, rather than easily vented gaseous ones.

Atomic force microscope (AFM) was also performed by a collaborator (Jodo
Rodrigues)which determined that the hBN thickness ranges fron2 to 4 nm and that on
the border of the samples small nanoscopic silicon oxide particles are being formed due

to sublimation of the quartz reaction ube, as shown inFigure?.



Figure7: AFM and line scan profile of the hBN film

In conclusion, a LPCVD process was successfuloptimised for the fabrication of
large single crystal graphene flakes and large grain continuous graphene films in
relatively short growth time frames (30 min to 2 hours). A potential issue was also
identified in the silicate formation in the hBN, which nay interfere in the fabrication and

optical characterisation of devices.

-WP2.2 Material quality characterisation

Raman spectroscopy was performed using a Witec Alpha 300R confocal
microscope Raman systeno evaluate themonolayer nature and overall material quality
of the CVD grown 2D materials and to check the completeness of the 2D material etching
steps during the heterostructure microfabrication processesExcitation was carried out
utilising a Nd:YAG laseof wavelength 532 nm at 2.51 mW power. The signal collection
was done using an objective of x50 magnification and 0.7 NA, and the detection was done
using a600 gratings/mm monochromator and UHTS300 spectrometers coupled to the
Andor Peltier cooled CCD detctors.
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Figure8: Optical microscope image of the debris produced during the etching of
material stack in the heterostructuraicrofabrication process (left) and spectra foun
the region, colour coded to correspond to the coloured crosses in the optical mic
image. An objective of magnification 50 was utilized.

Figure8 confirms that, although there is carbon debris remaining on theample's
surface (dark blue and cyan spectra), the oxygen plasma etching process was successful

at removing the material for the purposes opatterning the heterostructure.

In conclusion, the oxygen plasma process mentioned in the device processes
(WP1.2.2) is producing carbon debris and, although for the purposes of electrically modulating
the graphene's Fermi level this etching technique suffices, it creates visual clutter that may
interfere with the optical measurements. The characterisation of material quality was also

executed within the intended timeframe (First 8months).

-WP2.3.Single emittercharacterisation using Widefield TIRF Microscopy

A Nikon TrE widefield total internal reflection fluorescence (TIRF)
microscope was usedto localise and probe SPE brightness over prolongedxcitation.
Excitation of the hBN colour centres was carried outusing different excitation
wavelengths (488, 561, and 647 nm) and different powers to study how the quantum
emitters’ behaviour changes in function of these parameterghe fluorese@nce emissions
signals were collected using an oil immersion lens of x60 magnification, and recorded
using an Andor 1Xon Ultra 897 EMCCD cameithis technique was also used to compare
CVD grown hBN with liquid phased exfoliated (LPE) hBN.

Widefield TIRF measurements which consisted of 2 minute long recordings with
integration time of 50 ms per framewere collected on hBN samples in areas of 138.24 by
138.24 umz2. For 4 of these areas, smaller regions of interest of 34.56 by 34.56 um?2 were
selected within the most focused part of the recordings to ensure that all SPEs in the

analysed area are accounted foXalues for the surface density of emitters, intensity time



traces, and statistics for fluorescence intermittency events in hBN were extracted using

the image processing methodologies explained in WP3.

Figure9: TIRF microscopy images of SPEs in CVD grown hBN (a) and drop cast LPE hBN (b).

In conclusion, single photon emitters were successfully located and their
fluorescence sgnal was recorded using widefield TIRFM, in accordance to the work plan
(First 8 months). Fluorescence intermittency behaviours and data sets with pertinent

information on SPE properties were recorded at different excitation conditions.

-WP2.4 Single emittercharacterisation usinglambda mode confocal fluorescence
Microscopy

A Zeiss LSM 780 confocal microscope, equipped with a 32 channel GaAsP
detector for spectral imaging was used. An oil immersion objective of NA 1.4 and
magnification 63x was used to collect the signal. The spectral detection widow across 32
channels of the detector was set to cover an emissi wavelength range from 405 to 696
nm, while only the channels covering the range from 520 to 696 nm were considered for
the analysis, due to contamination of the remaining channels with scattered laser light.
An argonlaser's emission line at 488nm was used to excite the hBN samples at 12.5 mW
average power The 2048 by 2048 pixelhyperspectral confocal fluorescencemages
(Figurel0) of 32.72 by 32.72 um CVDgrown and drop castes LPEBN sample areas are
formed by scanning the hBN samples witlthe laser beam and acquiring the signal pixel
by pixel with approximately 50 ps integration time and 16 averages per pixel, resulting

in a total acquisition time of 1hour.



FigurelO: Hyperspectral Fluorescence intensity imagfeSVD growifa) and drop castedPE
hBN(b) samples as measured using the Niko& Tide field TIRF microscope.

In conclusion, very rich data sets containing infanation on the spectral
characteristics of hBN SPEs for two types of hBN sample preparation were gathered,
enabling detailed analysis of the emission properties using thouse designed
methodologies.This activity was accomplished within theworkplan's intended date of
the first 12 months of PhDA potential improvement on this analysis would be taitilise

a higher spectral resolution technique

-WP2.5.Single emittercharacterisation using fluorescence lifetime imagilg microscopy

Fluorescence lifetime imaging microscopy (FLIM) was used to probe the
fluorescence lifetimes of emitters in LPE hBN. The setup, illustrated Figurell, uses a
pulsed 561 nm wavelength laser whose light is injected into the microscope objective
(x100 magnification with 1.45 NA oil immersion lens) though a beam expanderA
piezoelectric stagewith nanometric precision on top of a micrometric precision stage is
used to move the sample and perform poinby-point signal acquisition of sample areas.
The signal emitted by the sample is filtered by a bandpass filtd600 £ nm) and a long
pass filter (>561 nm) to minimise signal contamination fromexternal stray light. A single
photon avalanche photon diode (SPAD) was used ti@nsduce the fluorescent signal into
an electric one which is injected into a time correlated single photon countingflCSPC)

card. Thesynchronisation signal (SYNC) which triggers the photon counting function of



the TCSPCard, is provided by the laserwhich can function at 20 MHz and at 50MHz

pulse rate.

Sample

~

Micro & nano Stage

- X100 1.45 NA Oil
Immersion lens

561 nm pulsed

:I/ Dichroic mirror

— Bandpassfilter

— >600 nm filter

SPAD / _
Mirror

Figurell: Diagram otthe FLIM setup used.

-WP2.6.Single emittercharacterisation using the HanburyBrown-Twiss experiment

The Hanbury-Brown-Twiss (HBT) experiment is the standard for probing the
single photon emitter nature of the fluorescent spots in hBNt consists in measuring the
second order correlation curve C z ,which describes the probability of there being a
photon arrival at a given detector after a detection having already occurred at another
AARAOAAOT O A CE QRora sh@d photolsBufEe, i An ideal ABT experiment
setup, the value forC 1t is 0, which is to say that coincident detection should be
impossibleFigure 12. In practice, due to theSPAD detectors having ~37%quantum
efficiency, a dead time larger than th&SPE'saverage lifetime, and contamination of the
experiment due to stray external light being possible, measured values f& 1 are
superior to 0, with C 1 < 0.5 being considead the standard value forwhat's considered

a good SPE light source.



92[1-] Histogram and respective fitting

1.6

data
fitted curve | |

141 .

-150 -100 -50 0 50 100 150
Arrival delays between detectors (ns)

Figurel2: Monte-Carlo ginulation of the second order correlation functioinan hBN SPE
considering ideal experimental setting and SPAD parameters

It was the first time this experiment was carried out at INL andskills in optical
system alignment had to be cultivated to attempt the experimentA start-stop
measurement was implemented, where a photon arrival at detector 1 starts the TCSPC
timer and anarrival at detector 2 stops the timer. A histogram is then constructed from

the arrival time differences between detectors.

The experiment was tried with two different lasers: a continuous wave 532 nm
wavelength laser and a 561 nm pulsed laser. For CW excitation, the expected output is a
dip in the shape ofa decaying exponatial ¢ A ¥ 9, where tis a delay introduced by the
length difference in the optical path of the photons, and potentially delays introduced by
differences in cable length between the cables that connect the SPADs to the TCSPC card.
For pulsed excitation, the expected output is a sequence of exponentially dgtg pulses
whose spacing along the time axis depends on the laser pulse frequency and where once
of the central peak will have lower amplitude at the same time delay where the dip

happens when using CW excitation.

A difference in cable length of 6 m wasitroduced between the cables that connect
each SPAD to the TCSPC card with the purpose of introducing a delay time between the
electric pulse arrivals, such that the dip of the autdd T OOAT AOET 1T AOOOA x1 Ol

22.2 ns for bettervisualisation of the full curve.



Bandpass and longpass filters truncate laser reflections, background

fluorescence, and other stray light that may interfere with the measurement.

Sample Micro & nano

\ Stage w/ sample
- X100 1.45 NA

1 Oil Immersion
-/ Dichroic mirror

Bandpassfilter
for emitter A

>532 nm
filter

532 nm CW

Beam Splitter

SPAD1 \ /'
Mirror
SPAD2

Figurel3: HanburyBrownTwissexperiment setup.

WP3: Development of new methodologies for SPE data analysis

-WP3.1.Protocols for analysis olWidefield TIRF recordings.

For image processing, the ThunderSTORM plugin in ImageJ was used to
localise intensity spots of the size of the PSF to extract locations sihgle-photon emitters
across different areas of the samples recorded using tdde-field TIRF setup. From the
resulting coordinates table, we filter out the emitters whosestandard deviation of
detection by the fitting process exceeds 50 nno ensure that the emitters are being

accurately selected A table of intensity values over time for each detected emitter is



extracted using ImageJ andhnalysed using custom MATLAB scripts that plot the

emitters' intensity time trace.

From the careful observation of hBNSPEs'time traces it became apparent that
hBN is a very rich system in terms of fluorescence intermittency behaviours 13.14
since a total of 4 distinct behaviours were identified (Figure 14). Two of these
intermittency behaviours were labelled as high intengy and low intensity photo-stable
(High PS and Low PS3, since they actually displayed no intermittency and only very small
intensity fluctuations, but differed in mean intensity value. Another intermittency
behaviour as labelled as spikingSpikes), where mostly stable SPEs would occasionally
produce very bright spikes in intensity. Lastly, the most noticeable flickering behaviour
was labelledaswavy or step due to the clear sinus or square wave intensity trace shape

that shows clear transitions between @drk and bright emitter states.



Figurel4: Examples of hBN SPE categories based on fluorescence intermittency behaviour.
Low intensity photestable (top), Spikes (middle), Wavy or Step (bottom). The intensity
distribution histogams and Bright/Dark binary time trace bars are also included.

Several iterations of a custom MATLAB script for the automaticassification of
the SPEsaccording to their intensity time trace were implemented. The final and most

reliable version of the script follows the ensuingalgorithm:

For each detected emittey a histogram distribution is made by binning the
recorded intensity values in accordance t&cott'slaw. To determine a threshold value
which separates the dark and brighstates'intensities, aweighted average is performed
using the histogram distribution, such that thebin values with a larger number of counts
are favoured. Because the distributiorof intensities follows either a Gaussian pattern or
a sum of two Gaussian patterns, when th&right and Dark states are more easily
distinguishable, the weighted average results in either a threshold very central to the
Gaussian distribution or a value irbetween both GaussiangSee histograms irFigurel4).

The threshold value,0 Hs then determined by the expression:




























































