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Abstract

The development of photonic based quantum technologies such as quantum encryption and
quantum computing is mainly restrained by the quality of single photon emitter. Effects
like phonon interaction, emission purity, stability and decoherence are the major issues. So
far quantum dots are leading the race in terms of indistinguishability, emission purity and
stability but low collection efficiency and operation at cryogenic/low temperature are major
roadblocks. Hexagonal-Boron Nitride (hBN) is a 2D material with stable single photon
emission even at 800 °C. hBN is an emerging material, attracting interest from a wider
research community but information about the identity of the emitting defects is very limited.
The aim of this work is to use the experimental techniques to probe the emitter and comment
on the possible origins of the emission.

To understand the effects of temperature and phonon interaction with the emitter, we
analysed the optical and acoustic sidebands to deduce the dimensionality of the phonon bath.
We extracted the coupling parameters and other qualitative results such as number of layers
in the sample and coupling mechanisms of different phonon bands. During this work we
observed that some emitters suffer with stability issues, where they shift between dark and
bright states. A detailed experimental study with simulations was conducted to understand
the dark and bright states of the emitter and action of a repump laser in keeping the emitter
bright. We also observed a repump threshold of 2.2 - 2.6 eV and a new energy level in
absorption spectra. These results pointed to a carbon impurity or boron vacancy defect.
To get an insight into the photophysical properties, stimulated emission depletion (STED)
spectroscopy was performed to probe the emitter’s ground vibrational levels. This technique
is found to be greatly important to obtain map of phonon sidebands without stray emission
from nearby defects and impurities. We also found that upon excitation the the emitter show
lattice distortion, quantified by a shift in 200 meV peak and the emitter could be a negatively
charged carbon defect. Next, building on the understanding from previous work, a practical
application of STED, high resolution gated continuous wave (CW) STED microscopy has
been demonstrated. We obtained a high resolution of ~ 50 nm and successfully resolved two

hBN emitters separated by a distance smaller than the diffraction limit.
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Chapter 1

Introduction

1.1 Quantum photonics Technology

At the beginning of 21% century a new technology race began. This time the race is not for
more powerful computing, smaller transistors, efficient programming or smaller size but it
is for a completely new type of computer called quantum computer, where only 300 qubits
can perform more operations than the known number of atoms in the universe [1]. Tech
giants such as Google, IBM, Microsoft and Intel are all trying to build the first quantum
computer to gain the economic and strategic advantage. Google has recently demonstrated
quantum supremacy with their 54 qubit Sycamore chip. In their latest Google Input/Output
(I/0) event in May 2021, Google unveiled their quantum computing research efforts and the
future plan for the technology [2]. This is a huge feat for quantum computing research field
as big companies are understanding that the classical computing is on its limits now and the
only way forward is quantum. Moreover, the classical computers are struggling to cater for
technologies like artificial intelligence (Al), secure communication and complex simulation
for biology and physics.

Here, we focus more on the application of quantum technology for secure communication-
Quantum key distribution (QKD). A quantum computer is also capable of decoding any
classical encryption into seconds so it is very important to first have QKD in practice so all the
information can be secure once commercial quantum computers are available. Fortunately,
QKD is a more mature technology with commercial availability [3] and successful long
distance demonstrations [4]. The most secure and efficient approach for QKD is to use a
single photon emitter (SPE), which generates only one photon at a time and information
such a polarization can be encoded onto that photon. Ideally all the communication such

as credit card transactions, data sharing and messaging should be quantum encrypted but
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the cost of QKD is the main hurdle and especially a cheap and versatile SPE. QKD and its
implementation is discussed in details in the background chapter of this thesis

In this thesis, we focus on single photon emitting properties of emitters in hexagonal-
Boron Nitride (hBN), an emerging 2D material which shows ultra bright single photon
emission [5, 6] even at temperature of 800 °C [7]. It has a variety of properties like low
density(2.27 g/cm?®) [8], exceptional electric insulation with thermal conductivity of ~
300 —200Wm~'K~! [9] and is used in high temperature electronics. The emitters show a
wide spectral range from UV to near infrared [10—14]. hBN is very inexpensive and being a
2D material it can be incorporated to chip style, mass production devices. Properties of hBN

are discussed in details in the background chapter.

1.2 Objectives of the Thesis

The main goal of this thesis is to understand the photophysical properties of emitters in
hBN. We did a variety of experiments to comment on the origins of the emitter, effects of
phonons and new phenomena such as optical gating. Currently, we have a plethora of density
functional theory (DFT) calculations [15-17] for various SPE candidates in hBN but a few
experimental studies to link them with the observed emitters [18]. We focused on using
techniques such as photoluminescence excitation (PLE) and stimulated emission depletion
(STED) to gain an insight into the absorption and emission processes. These studies are
required to engineer hBN based quantum devices where emitter’s spectral properties, location
and response to temperature and stress/strain are of paramount importance to their scalability
and integration. The results can help in designing and manufacturing chip based robust
QKD devices. We also used computational methods to simulate the experiment and extract
different time constants and rates involved during a cycle of excitation and emission.

In particular, the following research challenges are addressed:

* Developing theories and computational models to understand the emission processes

and phonon coupling with the emitter.

* On demand optical switching of emitters based on excitation laser energy and reporting

new absorption energy levels.

* Identifying the origins of the emitter based on optical signatures in excitation and

stimulated emission.
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* Demonstrating super high resolution imaging capability and opening new frontiers in

bio-medical applications.

1.3 Thesis outline

Chapter 2: In the second chapter, a detailed nano-photonics background is given, necessary
to understand this thesis. This chapter also includes an overview of different SPEs and
a discussion of their advantages and disadvantages. A brief introduction of the physical
properties of hBN and its applications are discussed along with the SPE properties. Finally,
QKD and quantum computing are introduced as the ultimate application of hBN SPEs.

Chapter 3: An independent boson model, typically used for quantum dots is used in this
chapter to understand the phonon coupling mechanisms with the defect. The acoustic and
optical sidebands are analysed to address the dimensionality of the phonon bath. It was
observed that longitudinal optical phonon band peak can give insight into the coupling

mechanisms and number of layers in the sample.

Chapter 4: All hBN emitters are not same and each of them respond differently depending
on the excitation energy. In this chapter we present the optical switching of hBN emitters
between bright and dark states. A detailed multilevel theoretical model addresses the repump

energy threshold for various defects along with time correlated optical experiments.

Chapter 5: In this chapter a detailed study about the origins of the emitter is presented using
a new spectroscopic technique called STED. This is complementary to PLE for mapping the
vibronic modes in the ground state without interference from nearby emitters. With STED it
is possible to distinguish the noise peaks in the spectrum that are not from the emitter under
observation and vibronic levels of the ground and excited state of the emitter can be mapped
precisely. Adding to the understanding of negatively charged defects, it was observed that

when defect excites, it undergoes a lattice distortion of 2.6 %.

Chapter 6: After detailed study of the effects of STED on hBN emitters, In this chapter an
important real world application in the field of bio-imaging is presented. We demonstrated
that hBN emitters can be used as fluorophores and a high resolution of ~ 50 nm can be
achieved using STED microscopy assisted with gated technique. We resolved two emitters
separated by 250 nm, which is less than the diffraction limit. We found that average STED
cross section of hBN emitters compare favorably with color centers in diamond and organic

dye molecules.
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Chapter 7: In this chapter, the conclusions of the thesis and suggestions for further related
work are discussed.
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1.4 Journal Papers

* Phonon Sidebands of Color Centers in Hexagonal Boron Nitride.

Prince Khatri, Isaac J. Luxmoore and Andrew J. Ramsay, Physical Review B 2019
100 (12), 125305- 125312, DOI: 10.1103/PhysRevB.100.125305.

 Optical Gating of Photoluminescence from Color Centers in Hexagonal Boron Nitride.

Prince Khatri, Andrew J. Ramsay, Ralph Nicholas Edward Malein, Harold M.
H. Chong, and Isaac J. Luxmoore, Nano Letters 2020 20 (6), 4256-4263, DOI:
10.1021/acs.nanolett.0c00751.

» Stimulated Emission Depletion Spectroscopy of Color Centres in Hexagonal Boron Nitride.

Ralph N. E. Malein, Prince Khatri, Andrew J. Ramsay and Isaac J. Luxmoore, ACS
Photonics 2021 8(4), 1007-1012, DOI: 10.1021/acsphotonics.0c01917.

» Stimulated Emission Depletion Microscopy of Color Centres in Hexagonal Boron Nitride.
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Chapter 2

Background

2.1 Single Photon Emission

2.1.1 Light: Neither a particle nor a wave

In quantum mechanics light is considered as a stream of elementary massless particles called
photons. The nature of photons in quantum mechanics is often stated " neither a wave nor a
particle” which means that they exhibit wave-particle duality.

The light interference experiment, commonly known as ’Young’s double slit experiment’
which was first performed by an English physicist Thomas Young in 1807 demonstrated
the wave nature of light. Later in 1887, Heinrich Hertz observed the photoelectric effect
which was not satisfactorily explained until 1905 when Albert Einstein gave the laws of the
photoelectric effect and established that light also has a particle nature. In his theory each
quantum of light has an energy equal to the frequency of light multiplied by a constant &
which was later called Plank’s constant. The particle nature of light also helped Compton
to explain the wavelength shift in scattered X-rays in 1923. Gilbert N. Lewis, a prominent
American physical chemist first used the term "photon" for the quanta of light.

Generally, light is regarded as stream of photons to study the interaction with matter where
photons are absorbed and emitted and light is regarded as wave to understand propagation.

Neither of the assumptions are wrong but depend on the experiment and interactions.

2.1.2 Photons and light sources

In the quantum picture of light the elementary particle of light is a photon, a term coined by
Gilbert Lewis in 1926 [1] after the formulation of Plank’s theory of black body radiation
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in 1900 and the discovery of the photoelectric effect by Einstein in 1905. A photon is
an elementary excitation of a single mode of quantised electromagnetic field with energy
E = hv [2], where h is Plank’s constant and V is the frequency of the electromagnetic field.

Light sources can be classified into three broad categories based on the fluctuation of
photons in time - bunched, coherent and antibunched. Thermal light source, for example, an
incandescent bulb is an example of bunched source which emits multiple photons at the same
time. This type of emission statistics is called super-Poissonian distribution. This is the most
common light source and can not be used for quantum technology as no information can
be encoded on spatially and temporally uncontrolled stream of photons. Coherent sources
such as light from a laser have nearly constant intensity with all emitted photons having
the same frequency and hence the same energy. Such sources obey Poissonian distribution
and can be used in technologies like fibre optic communication. Information is encoded
onto the pulse train which can travel thousand of miles with repeaters every 40 to 60 miles.
Fast modern internet is based on fibre optics for example- 3,800 mile long Apollo North
optic cable connecting USA and UK. Antibunched sources (example quantum dot emitters)
emit one photon at a time with all photons having the same energy and following a sub-
Poissonian distribution. These sources can be used in quantum technologies to encode
information on individual photons in terms of polarization, time or spatial mode. Quantum
encryption is a prime example where secure satellite to ground quantum key exchange has
been demonstrated by Liao et. al [3]. To quantify the quality of single photon emission from
a source, correlation experiments are used and in particular, the Hanbury Brown and Twiss

(HBT) experiment.

2.1.3 Hanbury Brown and Twiss experiment

HBT experiment is one of the most important measurement to asses the quality of a single
photon emitter (SPE). The main principle behind HBT is that the intensity fluctuations of
a light source are related to its coherence [4]. The original experiment was performed by
Robert Hanbury Brown and Richard Q. Twiss in 1956 [5] with more detailed theoretical
explanation in 1957 [6] and an experimental test for a partially coherent light source in 1958
[7].

Consider a partially coherent (chaotic) light source, say a mercury lamp where different
atoms emit at a different time, the light intensity /(¢) fluctuates with time on a scale compara-
ble to the coherence time, 7.. Fig. 2.1 shows an example time dependent intensity plot for a

chaotic light source. The intensity /(¢) fluctuates around the average value (I) of the source.
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Ity / (I')
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Fig. 2.1 Computer simulation of light intensity emitted by a chaotic source with average
intensity (/) and coherence time 7. [4].

We can define the fluctuations as Al(¢). The chaotic light source intensity can be written as:
I(t) =(I)+Al(r) (2.1)

Fig. 2.2 shows the setup for HBT intensity correlation experiment. The incoming light
from a mercury lamp is filtered to get only 435.8 nm emission line incident on a half-silvered
mirror. Photomultiplier tubes PMT1 and PMT2 detect the light intensity /; (¢) and »(¢) in
path 1 and 2 respectively. AC coupled amplifiers filter and amplify the signal from both
PMTs. The two fluctuating signals were sent to an electronic multiplier-integrator with a
time delay 7 in the path of PMT2. A linear translation stage is used to move the PMT1 to
change the distance d between the two light signals for investigating spatial coherence. When
d = 0 the output of the multiplier-integrator is:

(Al(1))(Al(t + 7)) (2.2)

Let’s assume a case when there is no time delay in PMT2 i.e T = 0. The output is:

(AI(1))(AI(t 4 7)) =0 = (AI(1)?) (2.3)

By definition (AI(r)) = 0 but (Al(t)?) is nonzero and depends on the magnitude of
fluctuation. A highly chaotic source will give a high (AI(¢)?) value.
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Fig. 2.2 Schematic representation of HBT intensity correlation experiment. The 435.8 nm
filtered light from mercury lamp incident on half silvered mirror. The two photomultiplier
tubes PMT1 and PMT2 detects the light intensity 7, (¢) and I»(¢), respectively. The photocur-
rent is filtered, amplified and time delay 7 is added in one of them. The two fluctuating
signals Aij (1) and Ai(r 4 7) are fed into an electronic multiplier-integrator, giving output
(Aiy(t)Ai(r + 7)). To investigate the spatial coherence in range d, PMTI is placed on a
translation stage [4, 5].

In other case, when the delay time is much larger than the coherence time, T >> 7.. This

results in completely uncorrelated fluctuation and the output will be zero:

(AL(t))(AI(t+7T))g>>7, =0 (2.4)

In this way the coherence time of a light source can be directly measured with the help of
changing time delay. Hanbury Brown and Twiss in their original experiment also studied the
spatial coherence by changing d while keeping 7 = 0. When d is increased, the correlation
between the two intensity fluctuations decreased and the output signal reduced to zero. Their
method provided a very robust way of determining the spatial coherence of a light source

and is now used to assess the quality of coherent sources.

2.1.4 The second-order correlation function

We have seen in the previous section that the HBT experiment is a powerful technique, not

only to assess the spatial coherence of a light source, but to determine the coherence time as
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well. Our motive in SPE research is to quantify the purity of the single photon emission, so
how can the HBT experiment help us to measure photon counting statistics? The answer lies

in the second-order correlation function, g(z) (1), which is defined as [4] :

@)y MO+ 7))
g(t) = (2.5)
= i)
Let’s consider a stable light source with constant average intensity:
(1)) =(I(t+7)) (2.6)

From now, using second-order correlation function, we are investigating the temporal
coherence using spatially coherent light from a small area of the source. Using Eq. 2.1 the

output for condition T >> T, is:

L)t +7))esng. = (1) +AL@)][(T) + ALz + 7)])
= (1> + (A1) + (DU + 7)) (MMt +7)) 2T
= ()

Where we used Eq. 2.4 and the fact that (AI(r)) = 0 and (AI(r + 7)) = 0. Now g(¥ (1)

function can be expressed as:

) w2
O = ) oy 9

In case of delay time T << 7. and T =0

g(2)(0) — { ) > 1 (2.9)

For a perfectly coherent source with time independent intensity g(2) (1) = 1, for all values
of Tas I(t) = I(t+ 1) = 1. For any other source g(?(0) > 1 because (I(r)?) > (I(¢))2. Using
these results and Eq. 2.8 we plot the g(?) (7) function for both chaotic and coherent sources

in Fig 2.3. At 7 =0 the g(z) (7) function for a chaotic source is higher than unity and a larger
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value of g(?)(7) implies more chaotic emission. As 7 increases the g(¥)(7) function tends

towards unity and aligns with that of a coherent source.

H
2 Chaotic
O
@m 1 ‘i
I Coherent
0 0 : 1 : 2 —> 7/T,

Fig. 2.3 Second order correlation function g(z)(r) for perfectly coherent and a Doppler-
broadened chaotic source with coherence time 7, [4].

Until now we have not discussed the HBT experiment in terms of photons and how it
can be used to comment on the purity of single photon emission. In the next section I will

discuss how the HBT experiment and g? (1) combine for photon counting and correlation.

2.1.5 The second-order correlation function for photons

Fig. 2.4 shows a HBT experiment setup for measuring photon statistics. The incoming
photon stream incident on a 50:50 beam splitter randomly sends photons either to detector
D1 or D2. The detector generates an electronic signal commonly called a "click" when it
senses a photon. Clicks from both D1 and D2 are sent to a counting device. When a click is
received from D1 a timer starts, until a click from D2 is received and time difference between
a click from D1 and D2 is calculated for plotting the g(?) () function.

A stream of photons from a light source can be classified in three groups. Fig. 2.5
represents these cases in the photon picture of light. In antibunching, the photons are
distributed with the same time delay between each. In the bunching case, the photons arrive
in groups with one or more photons at the same time whereas in the randomly coherent case,
the photons have random time intervals between them, but no grouping.

The g® (1) function for photon counting is [4]:
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Fig. 2.4 HBT experiment with photons. The incoming stream of photons incident on a 50:50
beam splitter sends photons to detector D1 and D2. Electronic signal "click" from D1 starts
the timer until a click signal arrives from D2 [4].

00000000000C0OCGOCGOGOOGOGIOO
Antibunched

Coherent (random)

o o Qo o do
Bunched (chaotic)

Fig. 2.5 Schematic representation of photon streams for antibunched, coherent and bunched
light.

D O+ )
D = L ) mli 1 1)

Where n;(t) is the number of counts registered on detector i at time ¢. A simple way of
understanding g® (7) is that - It is the conditional probability of detecting a second photon
atf = T given that one has been detected at # = 0. Let’s now consider the g(?) (1) function for

each case:

(2.10)
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Coherent

In the case of a coherent source, the time interval between photons is random, so once a
photon is detected there is an equal probability of detecting another photon at 7 = 0 to any
other value of 7. This gives g2 (t) = 1, for all g()(1), which is the same result as we get

with a coherent light source in the wave picture.

Bunching

In case of bunching the photons arrive in groups. The time interval between the photons in a
group is much smaller than the time interval between the groups. This means, once a photon
is detected at T = O there is a much higher possibility of detecting another one at shorter
times rather than longer. This gives g(z)(O) > 1 similar to the chaotic source in Eq. 2.9
proving that bunching is same as chaotic light in wave picture. As T increases g? (1) start

approaching unity, shown in Fig. 2.3. The scale of bunching for an emitter is proportional to
£ (0) — g (e0).

Antibunching

In antibunching no two photons arrive at the same time making g(?) (0) = 0. As 7 increases
the probability to detect another photon increases and after 7, > 0, where 7, is the emitter’s
lifetime, the function g(>)(7,) becomes unity. More the antibunching more will be the
spacing between the photons increasing the 7, making the transition between g? (0)=0to
g? (74) = 1 slower, indicating an increase in emitter’s lifetime. Antibunched light is a clear
indication of a SPE and quantum nature of light. Fig. 2.6 show three curves representing
the antibunching scenarios. The red curve shows g(?) (t) for a single photon emitter with no
bunching whereas blue represent signal from a SPE with some degree of grouping/bunching
but still satisfying the condition of only one photon at a time. Green represents a SPE similar
to red but with more time spacing between the photons.

Fig. 2.7 shows g(®)(t) measurement from a single hBN emitter. Note that the g(2)(0)
value is not equal to zero even though the emission is from a single photon source. This is
because more than one SPE is excited at the same time which increase the probability of
detecting two photons at T = 0. The g(®)(0) value for n excited SPE is (1 — 1/n), so for two
or more SPE, g(2)(0) > 0.5. Thus, it is widely acceptable that if g(>)(0) < 0.5, the emission
is from a single photon source because it means that the collection is predominantly from a

single SPE with minor contribution from a nearby SPE or impurity.
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Fig. 2.6 Second order correlation function g(? (1) for three forms of antibunched photon
stream. Red represents single photon stream with no bunching, blue shows some degree of
grouping (7, is the emitter lifetime for red and blue case) and green shows a case similar to
red but with larger temporal spacing.

it is not possible for bunched or coherent sources to have a probability of detecting another
photon at T = 0 less than half compared to 7 >> 0. Also note that the g(? (7) function is
plotted for 47 as well as —7. This is because in reality the photon counter assigns a time
stamp to each photon detected at the two channels and later the computer program subtract
start channel from stop channel time stamps to get the 7 value. If the stop channel gets a
click before start channel then the 7 value will be negative. One can neglect these negative
time counts and plot only the positive side. This does not affect the efficacy of the g(?) (1)
whatsoever. In literature, the g(% (7) is shown with both sides because the symmetry helps in

verifying that both the detector and channels are identical.

2.1.6 Qualities of a quantum emitter

An ideal single photon source [8] satisfies the following properties:

1. Deterministic- A single photon can be emitted on-demand i.e at any arbitrary time

defined by the user.

2. Purity- The source should emit only a single photon at a time and the probability for

multiple photon generation should be zero i.e g(?)(0) = 0.

3. Indistinguishability- The emitted photons should be indistinguishable from each other
i.e every photon should have precisely the same wavelength, polarization, spatial mode
etc.
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Fig. 2.7 Example of a second order correlation measurement of a typical hBN emitter. The
¢? (1) function at T = 0 ns dips below 0.5 confirming that the emission is from a single
photon source.

4. Repeatability- The source should be able to emit photons at an arbitrary high repetition

rate whilst satisfying the above three qualities.

Along with the above basic properties a few more qualities are desirable for versatile
and robust use of a SPE. Qualities such as- stable emission at high temperature, ability to
integrate with other materials, low manufacturing and operation costs and small size. All
these properties will be discussed in later sections. So far we have discussed the single
photon measurement technique and the properties of an ideal SPE. In reality no SPE is ideal,
some SPEs are closer to ideal characteristics than other. In the next section we will discuss

some candidates that show single photon emission and their advantages and disadvantages.

2.1.7 Different sources of single photons

The basic requirement for a SPE is a two level system which can be excited by an external
pump source and the system relaxes by emitting a photon similar to the energy difference
between the two levels, which is less than the excitation energy. The excess energy can
create an optical or acoustic phonon so that the whole process obeys the law of conservation
of energy. Single photon emission was first demonstrated by Kimble et al. [9] in 1977

using atomic transition in sodium atoms but the efficiency and the controlability were low.
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Following are some SPEs commonly used in research these days. First, we briefly discuss
the non-solid state SPEs and then the solid state SPEs in more detail.

Single neutral atoms and ions

The generation of single photons from cold single alkali atoms such as Cs (Caesium) and Rb
(Rubidium) is cumbersome and require high level of precision and complex setup [10-15].
Fig. 2.8 shows the experimental scheme for generations of single photons from a Rb atom. A
magneto-optical trap (MOT) first cools down the atoms which is then switched off to allow
them to fall under the action of gravity inside a high finesse optical cavity and an optical
trap is turned on. The aim is to trap only one atom inside the cavity for a pure single photon
emission. The atom has a A type energy level (i.e one excited state and two ground states).
The resonance of the optical cavity aligns with one ground to excited state and the pump
laser pulse aligns with the other. With precise control of pump laser and cavity coupling
resonance a single photon is generated via stimulated Raman adiabatic passage (STIRAP)
[16]. The purity of the single photon emission via this process can be close to unity showing
g? (0) =0.06 [17] but the emission probability is very low, close to 4.8 %. Fluctuating
cavity mode coupling [18], limited trapping time [17] and large operating costs are major
hurdles for single atom sources.

In similar fashion, a single ion showing a A-type energy level is trapped using a radio
frequency ion trap and single photon is emitted via STIRAP technique [19-21]. Ion sources
are better than single atom sources to get high emission rate [20] by stably localizing the ion
at the centre of the optical cavity with a precision of few nanometers but still the emission
rates are not high enough for practical applications. Problems such as strong spontaneous
decay rates competing with emission of radiation into the cavity mode and the ion residing in
the ground state at the end of the excitation pulse without generation of a photon hampers the
emission rates. Both single atom and ion sources have very high purity but share the same
problem of low emission rates and setup complexity [22]. Although complex and expensive,
trapped ion based quantum computing has already gained market interest with initial public

offering in IonQ, a trapped ion based quantum computing company [23].

2.1.8 Solid state emitters

In terms of stability, purity and possibility of commercial applications, the most promising
single photon sources are solid state SPEs based on atom like emitters. These emitters can

be single molecules embedded in solid state host matrix, quantum dots (QD) or defects in
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Fig. 2.8 Experiment scheme for single photon emission from Rb atom. Left shows the energy
levels and transitions in 83Rb with atomic states involved in Raman process labelled as |u),
le) and |g). |0) and |1) represents the photon number in cavity. Right shows the experimental
setup where a cloud of atoms are are released from a MOT into an optical trap. The pump
and recycling laser overlaps with the cavity mode. The emission can be directed into a HBT
measurement setup to confirm the single photon emission [10].

materials such as diamond and 2D materials like hBN which can be easily scaled and does

not require traps or a complex setup.

Single molecules in solid matrix

First candidate for solid state emitters is a single molecule source embedded in a solid state
host matrix [24, 25]. The vibrational energy levels can be approximated as singlet ground
and singlet excited state with a triplet dark state. The molecule is optically excited and a
single photon is generated when it relaxes into the ground state. This process continues until
it gets trapped into the dark state which lowers the emission rate and results in blinking of the
emitter shown by bunching in g(®) (7) at longer times [26]. To reduce the random blinking
of the emitter a continuous wave (CW) pump laser is applied along with sinusoidal external
electric field to sweep the molecule’s absorption energy which modulates the emission
rate [27]. The purity of the emission from a single molecule is not appreciable due to the
possibility of the laser exciting more than one molecule at a time [28]. Moreover, like other
sources, molecule sources show poor indistinguishably and g? (0) values at a temperature

higher than 8 Kelvin [29, 28] due to phonon interactions.
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Fig. 2.9 Quantum dots as SPE. Left: Nitride QD embedded in nanowire waveguide for
enhanced emission. Right: Self assembled InAs QDs, the first system used to demonstrate
triggered single photon emission [30].

The discrete energy structure for electrons and holes in a quantum dot (QD) allow single
photon emission with radiative lifetime < 1 nanosecond via radiative recombination of the
electron-hole pair (exciton) [31-38, 34, 39—47]. The exciton can be produced on demand
by an excitation signal which can be optical or electrical depending on the device structure.
For optically excited QD (CdSe/Zn [48], InP/GalnP [49] and InAs/GaAs [50]), a photon
is absorbed, which puts the QD into the excited state, from where it relaxes radiatively by
emitting a single photon. In case of electrically excited QD (InAs [47] and InP [37]), the
charge or charge pair is directly injected with the help of a p-n junction where it can be done
controllable [51]. Semiconductor quantum dots (QD) such as InGaAs are fabricated using
molecular beam epitaxy where small islands of InGaAs are embedded in GaAs layers which
has a larger band gap than InGaAs [52]. A simpler chemical synthesis process is used for
making colloidal quantum dots such as CdSe/ZnS [48]. Fig. 2.9 shows some examples
of SPE QD. The quantum dots can emit in any direction so it is important to control the
direction of emission for photonic applications. Distributed Bragg reflection mirrors can be
fabricated on both sides of a QD to get the desired emission direction. Other techniques such
as integrating with microcavities like micro disk, sphere and pillars [32, 40, 42, 44-46] to
enhance the emission rate via the Purcell effect [53]. Recently, QDs has been demonstrated

as highly-efficient entangled-photon source [54]



24 Background

Even though the probability of creating a photon from correct excitation is close to 1
but still the emission efficiency is low. The quantum dot when excited can also form a
biexciton state which is different in energy. Each QD is unique which makes the photon
indistinguishability poor from one emitter to the other. Moreover, the small carrier wave

function limits their operation to cryogenic temperatures only [22].

Crystal colour centres

These are point defects in a crystal that are fluorescent and emit one photon at a time. For
photon indistinguishability, these emitters need to be separate enough from each other so
that only one defect can be excited at a time. Most of these emitters, Fig. 2.10 are in
wide bandgap semiconductors like Diamond [55-59], SiC [60, 61], ZnO [62] and rare
earth ion impurities in crystals such as Yttrium aluminium garnet (YAG) [63—65], Yttrium
orthosilicate (YOS) [66] and Lanthanum trifluoride LaF3 [67] with energy levels embedded
deep in the bandgap, further away from the valance and conduction band. This gives colour
centres a major advantage of stable room temperature operation which is not possible in
other candidates like single atom, ion or molecule. Let’s discuss the leading crystal colour

centre sources one by one.

v %

Diamond SiC YAG

Fig. 2.10 Colour centres in bulk 3D crystals that shows single photon emission when excited
optically. Top shows a schematic diagram of excitation laser exciting a defect in a 3D crystal
which generates polarized single photons upon relaxation. Bottom shows different candidates
such as Diamond, Silicon Carbide, Yttrium aluminium garnet and Zinc Oxide crystal. [30]
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Two of the most studied defects in diamond are the nitrogen vacancy (NV) and the
silicon vacancy (SiV) [55]. Theoretical calculations such as density functional theory (DFT)
and photoluminescence experiments have been carried out on these defects [55]. These
defects are found naturally in diamond and can also be created by a process like laser writing,
electron beam and ion implantation- where an ion is bombarded with the diamond target to
create these defects [68]. They exhibit a narrow ZPL linewidth which is highly desirable
for indistinguishability and efficiency [57, 56]. The NV centres are sensitive to strain in the
crystal due to their non zero electric dipole movement, whereas SiV defects with inversion
symmetry are less susceptible. However the brightness of diamond defects is still low owing
to low quantum efficiency of the defect [30]. Other defects such as Germanium vacancies are
promising candidates for a bright single photon emission [69, 70]. Nickel NE8 and Nitrogen
H3 defects are currently under research to understand their structure and dynamics, but have
no pathway for their controlled fabrication [55].

Another very competitive SPE candidate is charged carbon vacancy defects in SiC [61].
These emitters are bright at room temperature and SiC is a compound semiconductor which
is used in semiconductor application with industrial scale production. However, the identity
and origins of the defect with precise emission properties is still missing [71]. A major
advantage of SiC emitters is zero nuclear spin state, allowing a long coherence time for colour
centre spin state [72—76] which means the defect can retain the spin state for sufficiently
long time. This allows the defect to be used as a qubit for quantum computing, where the
electron spin can be initialized, manipulated and read optically [77].

The II-VI compound wide bandgap semiconductor ZnO also shows single photon emis-
sion [62]. However, the origin of the defect species and detailed study is still missing. These
emitters also suffer from bleaching and blinking [78—81]. Fabricating a stable p-doped ZnO
important for p-n junction device is still a challenge. YAG and YOS show single photon
emission properties and their defect structures are very well studied [63-66] but long excited
state lifetime (> 100 millisecond) and multiple competing relaxing pathways are still a big

hurdle which significantly drops the emission rate.

2D materials

A variety of 2D materials such as monolayer tungsten diselenide WSe;, a member of
transition metal di-chalcogens (TMDCs) family [82—84] and hBN [85] show single photon
emission. In TMDCs, emitters are localized excitons which operate at cryogenic temperatures
where emission is often observed at 2D flake edges shown in Fig 2.11. The emission is

detuned by a few milli-electronvolt from the exciton transition and brightness varies from
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Fig. 2.11 SPE in 2D hosts. Left: Three distinct emitters revealed via confocal microscopy
in a WSe, flake at cryogenic temperature. Right: A schematic diagram of hBN flake with a

missing atom and an atom substitution representing a defect which exhibits room temperature
single photon emission [30].

sample to sample. The detailed origins of emission from TMDC:s is not clear but highly
localized strain gradients are often liked to the origin of these emitters which can trap the
excitons [86]. Although a strain gradient helps in funneling the exciton, crystallographic
defects may play a significant role in emission by localizing the point defects [87, 88]. The
g? (1) measurement for single photon emitters in WSe, monolayer flakes show g? (0)~0.2
[83], whereas resonant spectroscopy reduces it to g(z) (0) ~ 0.02 [89] with 60% emission in
ZPL. Recently, WSe; flakes grown with chemical vapour deposition (CVD) and encapsulated
with hBN shows lifetime > 200 ns [90]. A recent detailed review from Chakraborty et. al
[86] can be referred for SPEs in TMDCs. These emitters are still in the early research phase
with a rapidly growing interest among the nanophotonics community.

Another emerging candidate for robust SPE is hBN [85, 91]. Defect centres in hBN are
bright, have narrow linewidth with stable single photon emission up to 800° C [92] which is
a remarkable feat for any SPE thanks to its transition levels embedded deep in the 6 eV band
gap. These emitters in 2D materials opens endless possibilities of integration with photonic
devices. 2D emitters are best suited for interation with plasmonic structures.

In next section we will discuss the hBN in more detail, understanding the advantages,

applications and challenges.
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2.1.9 Emitter lifetime and decoherence

When a SPE is subjected to continuous-wave (CW) laser, the rate of photon generation I,

is determined by emission lifetime 7y and is related to other parameters by [93]-

(2.11)
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where 7 is the refractive index of the medium, @, transition frequency, U, dipole
movement between ground and excited state. &, ¢ and / are vacuum permittivity, speed of
light and modified Plank’s constant. The fluctuation of the electric field at the location of the
emitter induces the decay into ground state. The rate of photon generation depends on the
refractive index of the environment and how many modes of electromagnetic wave it can
support [93]. For a bright emitter, we need a very high rate of photon generation without
losing indistinguishability 1.e keeping the linewidth narrow.

When radiative decay is the only contributor for broadening, the linewidth achieved is
called Fourier-transform limited (FT) linewidth. In reality, the linewidth from an SPE is
few orders of magnitude more than the FT limited value because of dephasing and spectral
diffusion arising from fast and slow fluctuations of the transition frequency. The dephasing
time of the emitter, 75, excited state lifetime, 77 and pure dephasing time (time during which

system interacts with phonon bath) 7" are related as-

1 11
R R 2.12
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In the absence of slow spectral diffusion, the FWHM, Av is given by-

1 1
AV =——
2nTy * Ty

(2.13)

When dephasing due to the phonon bath is negligible i.e 75" = inf, Eq. 2.13 gives the
lifetime limited linewidth. At room temperature, the dephasing time is dramatically shortened
by phonon interactions. Most SPE characterization experiments are carried out at cryogenic
temperatures to reduce the effects of dephasing into the phonon bath. For robust SPE, it would
be ideal to operate at room temperature with least phonon interaction. Spectral diffusion is

another contributor of linewidth broadening which arises from the nearby charged impurities
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and mechanical stress in the vicinity of the emitter [94]. For emitters in hBN, working well
below the saturation power helps in reducing the spectral diffusion by reducing the phonon
interaction [95].
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Fig. 2.12 Individual photoluminiscence excitation (PLE) (see Chapter Methods for informa-
tion about PLE) scans (top) and corresponding integrated PLE spectrum (bottom) for a hBN
emitter showing (a) significant spectral diffusion at high pump power of 100 nWatt and (b)
negligible for lower pump power of 3 nWatt [95].
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Fig. 2.13 Crystal structure of hexagonal Boron Nitride. Left: A few layered boron nitride
nanosheet (BNNS) sample with layers arranged in AA’ type stacking. The distance between
the centre of two BN rings is 0.25 nm with B — N bond length as 0.14 nm, whereas the
interlayer separation is 0.333 nm. Right: A monolayer BNNS showing three types of edges-
Armchair, Zigzag N and Zigzag B-edge due to the presence of nitrogen and boron atoms on
the edges [96].

2.2 Hexagonal Boron Nitride

2.2.1 hBN crystal structure and properties

Boron Nitride exists in variety of structures depending upon the arrangement of Boron and
Nitrogen atoms. The amorphous form [97] has no long range order whereas cubic and
wurtzite [98] form shows an arrangement similar to that of diamond and lonsdaleite form of
carbon. The main focus of this thesis is on the hexagonal form of Boron nitride which shows
stable and high single photon emission rate [85, 91] even at high temperature of ~ 800°C
[92]. This structure is sometimes referred as "graphitic boron nitride" due to similar structure
as that of graphene. In a layer, the Boron and Nitrogen atoms are arranged as hexagonal
pattern held together with strong covalent bonds. In multi-layer sample the layers are held
together with weak van-der-Walls forces in such a way that a Boron atom from one layer is
perfectly aligned with Nitrogen atom from the layer above and below [99]. This arrangement
is also known as AA’ sequence [100]. The B-N bond length is 1.446 A° and the interlayer
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separation is 3.331 A° [96], shown in Fig. 2.13. Alternative stacking patters like AA, AB etc
are also possible in hBN and presented in Ref. [101].

Thanks to the layer structure of hBN, it can be exfoliated into few or mono-layers using
simple and inexpensive methods such as tape-exfoliation [102] where an ordinary tape
is used for repeated peeling, similar to graphene [103]. Ball milling [104] and solvent
exfoliation [105] are other techniques, which allow more control over the number of layers
and size of the flake. However, extracting hBN monolayers is difficult compared to that of
graphene due to strong intralayer AA’ interaction [106, 107].

hBN is an indirect bandgap semiconductor with an energy gap of ~ 6 eV [108]. It has
a variety of properties like low density (2.27 g/cm?) [109], high temperature stability and
inertness up to 1000 °C [110]. It is also an exceptional electrical insulator with thermal
conductivity ~ 300 —200 Wm~'K~! [111] and is used in high temperature electronics.
Strong B-N bonds and low atomic number allow highly energetic in-plane phonon modes
giving hBN a high thermal conductivity. However, multilayer hBN is less thermally conduc-
tive perpendicular to the plane of the flake due to decrease in interlayer phonon scattering.
Monolayer hBN is one of the strongest materials with mechanical strength ~ 260 Nm~!,
which is slightly lower than that of graphene monolayers [112].

Among the various properties of hBN, one of the most interesting is emission of single
photons which is the theme of this PhD thesis. In the next section we will discuss the single

photon emission from hBN in more detail.

2.2.2 SPE in hBN

Atomic defects in hBN result in energy levels deep in the band gap which can be optically
active. SPE in hBN were first reported in 2016 [85] and since then a significant research
has been done to understand the emission properties and limits. The measured brightness of
hBN SPEs is 3 x 10° counts/sec which is linearly polarized and stable up-to 10 minutes [85].
From CVD grown hBN g(?) (0) <0.1 has been shown with emission wavelength ~ 580 nm
and linewidth 3 nm [114, 115]. The hBN emitters are excited optically where the defect is
pumped from ground to excited state. For a two level defect the excited state relaxes into the
ground state by emitting a single photon. If the relaxation does not generate a phonon then the
emitted photon is said to originate from zero phonon line (ZPL), but if the emission involves
an optical or acoustic photon generation then it is said to be in the optical and acoustic
phonon sideband. Fig. 2.14 shows the photoluminescence (PL) spectrum for a single hBN

emitter and corresponding transitions in the energy level diagram. For an ideal hBN SPE a
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Fig. 2.14 Single photon emission in hBN. Left: PL spectrum for a single hBN emitter at 20
K and 275 K. The ZPL emission from this particular defect is at 2.17 eV which decreases
in intensity with rising temperature. Next to ZPL is acoustic phonon sideband (ASB) in
red and optical phonon sideband (OPSB) in blue, which indicates the strength of phonon
coupling with the emitter [113]. Right: Energy level diagram representing the excitation and
the emission from a two level system such as hBN emitters with phonon interaction.

narrow linewidth and maximum emission into ZPL is desirable. The emitters shows a wide
spectral range from UV to near infrared [116—-120].The large bandgap allows bright ZPL.
at room temperature because of low electron-phonon coupling and reduced non-radiative
recombinations. The in-plane dipole results in highly polarized emission [121]. For most
hBN defects the in-plane dipole coincides with the emission dipole [85] but it does differ in
some cases [122] (See further discussion in chapter 5).

A point like defect in hBN adds trap states into the bandgap which can be regarded
as a two level system. Despite efforts made in group theory and DFT [123-126], the
precise nature of defects is still unclear and under debate. Out of many theoretically studied
candidates only few such as CpVy (carbon in place of boron and vacant nitrogen), VyNp
(vacant nitrogen and nitrogen in place of boron) ,VpCy (vacant boron and carbon in place
of nitrogen) and V (vacant boron) are identified to have the correct allowed transitions for
single photon emission. It is difficult to compare the calculated defects with experimentally
studied ones because the ZPL energies coincide with allowed transitions of multiple emitters.
Moreover, DFT calculation consider monolayer supercells to efficiently use the computing
resources because adding more atoms increases the demand for computing power and
time exponentially. This creates a mismatch between DFT calculated energy values and

experimentally observed ZPL energy because in most experiments the sample is a multilayer
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finite flake with nearby charged species, defects and impurities. The emission from mono
and multilayer hBN samples have significant differences [85].

The ZPLs in most of the hBN emitters bunch in three groups around- 560 nm [127, 113,
128, 129], 590 nm [115], 640 nm [85, 116] and 710 nm [116]. The understanding so far is
that a point-like defect is responsible for each group and local crystal strain/impurities are
responsible for the spread around these wavelengths. Similar phonon sideband shape [113]
in these groups further confirms this reasoning. The ZPL’s that do not fall in any of these
categories have a different phonon sideband (PSB) and are likely to originate from surface

contamination [130].

Other applications of hBN

Apart from providing a single photon source, hBN SPEs can also be employed for optically
detected magnetic resonance (ODMR) [131, 132] which can be used to initialize the spin
state of a negatively charged defect. hBN is an excellent 2D material for encapsulating het-
erostructure of TMDC and other 2D materials particularly graphene [133]. When graphene
is encapsulated with hBN the electron mobility increases dramatically because of shielding
from local environment [134-136]. The mobility of this hBN/graphene/hBN heterostructure
can only be increased by suspending a single graphene sheet which significantly hampers the
application possibilities. This heterostructure can also show ballistic transport at cryogenic
temperature [137]. The anisotropic crystal structure and polar bonds allow its application
in IR nanophotonics [138, 139]. hBN based moiré-heterostrcture show novel electrical and

optical properties as a function of layer’s rotation angle [140-142].

2.2.3 Choosing the right SPE

So far, SPE based quantum computers are in research phase but QD based systems are
leading the race [143]. Fig. 2.15 shows an optical quantum information processor (QIP)
setup based on InAs/GaAs QD as SPE [144]. We have discussed the optical properties of
the QDs as a SPE in section 2.1.8. Here, we discuss some of the major advances in QDs
applicable for quantum key distribution (QKD) and QIP technologies.

A major breakthrough has been made by QDs which emits in telecommunication band.
Optical fibers for telecommunication has low optical losses in ~ 1300 nm (O-band) and
~ 1500 nm (C-band) wavelength region. Therefore, it is very important to make SPEs with
similar emission wavelengths, especially ones that emits in C-band region because it has the

least amount of losses and is promising for satellite based communication [3]. InAs/InP
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offer high purity and efficient emission in the C-band [145-147]. This is considered a major

breakthrough for QD SPE and open doors for their commercial use.
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Fig. 2.15 Experimental setup for optical QIP based on boson sampling platform [144].
Highly efficient, pure and indistinguishable stream of single photons are obtained from
InAs/GaAs QD, which is resonantly coupled to a microcavity.

To tackle the problem of low photon extraction efficiency, Takemoto et. al used optical
horn structure for InAs/InP QD and demonstrated a fully operational QKD system capable
of delivering secure keys up-to 120 km [146]. The highly indistinguishable photons are
extracted with efficiency ~ 11% from emission at ~ 1559 nm having linewidth = 0.29 nm.
The experiment was carried out at 4K and QD show high purity with g? (0) = 0.0051.
Later, Miyazawa ef. al demonstrated a g(?)(0) = 4.4 x 10~ at 8 K under quasi-resonant
excitation with similar optical horn structure and InAs/InP QD [145]. They anticipated that
this could extend the QKD range up-to 200 km, similar distance as London to Cardiff. In
another study, Muller et. al demonstrated that with highly symmetric InAs/InP QDs, grown
using metalorganic vapour-phase epitaxy (MOVPE) epitaxy, maintains photon entanglement
generated via biexciton cascade emission process even at a temperature of ~ 93 K, which can
be achieved with just nitrogen cooling [148]. Using similar QDs, a successful demonstration
of quantum teleportation was made where QDs exhibit a long coherence time of ~ 1 ns
[149]. More details about the state of the art QD based SPEs can be found in a rececent
review article by Arakawa et. al [147].

Although QDs are leading the race, but they still require temperature below 10 K for low
g2 (0) values. For example, InAs/InP QDs show g2 (0) = 4.4 x 10~* at 8 K [148] but for
operational temperature, at 80 K, the purity reduces to g (0) =0.34 [150]. Moreover, the
process of fabricating structures like optical horns are not cheap and easy and can increase

the cost of of the SPE. We ideally want an inexpensive SPE which can operate at high
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temperature without loosing the emission purity and easy to integrate with photonic devices.
Colour centres in hBN are promising candidates with single photon emission even at 800 K
and with purity g()(0) < 0.1 [92] and near unity light collection efficiency with coupling to
metallo-dielectric antennas [151]. We have discussed the optical and mechanical properties
of hBN in depth in section 2.2. Although the purity of emitters in hBN is not as high as QDs
but they satisfy the criteria for future chip-scale hand-held QKD devices [152]. With some
more research breakthroughs in terms of emitter origins, stability and improvement in purity
at high temperature, hBN could be competing/leading the race of SPE of choice in future
QKD technologies [153]. Table 2.1 compares characteristics of emerging solid state SPEs.

Table 2.1 Comparison of different SPE characteristics [30]

Emitter Temperature Wavelength Count rate Linewidth g(z) (0) Reference
Diamond SiV 300 K 738 nm 3x10° Lifetime-limited < 0.1 [154]
Diamond NV 300 K 600-800 nm 1 x10% Lifetime-limited < 0.3 [155]

SiC defects 300 K 488 nm 60 x 103 N/A <0.1 [156]
ZnO defects 300 K 516 nm 1x10° N/A <02 [62]
TMDC (WSe») 4K 730-750nm 3.7 x 10° N/A ~02 [83]
InAs QD 5K 907 nm 1 x 107 Lifetime-limited  0.009 [157]
GaN QD 300 K 280 nm N/A 1.5 meV 0.13 [158]
hBN defects 4K UV-NIR 3% 10° ~1lnm ~0.01 [153]
300 K UV-NIR 7 x 108 ~10nm <02 [159,153]

2.3 Synthesis of hBN

2.3.1 Bulk crystals

To manufacture a high quality bulk hBN crystals, high temperature high pressure (HTHP)
method is used [160, 161]. The Taniguchi group at the National Institute for Materials
Science (NIMS), Japan is world renowned for producing high quality 2D materials including
bulk and layered hBN [162]. The hBN powder (commercial hBN powder is synthesised
synthetically by reaction of boron trioxide (B;O3) or boric acid (H3BO3) with ammonia
(NH3) or urea (CO(NH;),) in a nitrogen atmosphere) is first heated at >2000 °C under an
inert gas. The powder is then mixed with an alkali solvent like BazB,N4 and packed in
Molybdenum (Mo) chamber at a pressure of 40,000 atm and heated to 1,600 °C for a few
days. The Mo chamber is then dissolved using aqua regia and hBN crystals are washed with
water. Fig. 2.16 shows the uncrystallized BN powder before and synthesized hBN crystal

after the process. The quality and purity of crystals can be estimated from its appearance.
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Colourless crystals imply low density of defects, grain boundaries and impurities. This
method produces ultra-pure hBN crystals which can be used as a substrate to study the
properties of graphene [163—165], as it provides a perfectly flat surface that does not interact
with graphene’s fast travelling electrons. However, ultra-pure hBN is not ideal for studying

the SPEs because defects and impurities are required for the formation of colour centres [85].

Fig. 2.16 Left: Synthesized hBN crystals by Taniguchi er. al after the HTHP process. Right:
Uncrystallized BN powder in a Mo chamber before loading into the hydraulic press for few
days. [162].

2.3.2 Multilayer flakes

Multilayer flakes can be extracted from commercial bulk crystals by either a top-down or
bottom-up method.

The "Scotch tape method" is a common top-down exfoliation technique [102]. This
process is repeated until flakes of desired size and thickness are obtained. These flakes are
then transferred onto a substrate and heated at ~ 400° C to remove any residuals of tape
adhesive. This process gives clean flakes but it suffers from limitations such as random
orientation and distribution of hBN layers. It also lacks scalability, essential for commercial

application. Hence, this process is only used in labs for research purposes.



36 Background

A ball milling process can efficiently produce hBN nanosheets on a large scale [104].
In this method shear forces from oxide beads exfoliates nanosheets from micron size hBN
powder. The sheet size, number of layers, yield and efficiency can be controlled by milling
parameters like milling speed, ball-to-powder ratio, milling ball size and milling agent [166].
It is found that under optimum conditions small balls of 0.1-0.2 mm can exfoliate 0.5 — 1.5 pm
wide nanosheets with 14% yield. The majority of applications from this technique are in
the oil industry for the purpose of lubrication and adds significantly high density of defects
compared to tape method.

Solvent exfoliation is another top-down method [105] that uses sonication force and
appropriate solvent to exfoliate a thick flake into thinner ones. Along with hBN, this
method can be used for a variety of 2D materials such as MoS;, WS,, MoSe; etc. [167].
Further additions such as surfactant-assisted aqueous exfoliation [168] and mixed-solvent
strategy [169] are used to extract thinner flakes and achieve more extraction control. Review
article from Nicolosi et. al [105] can be referred for further reading on solvent exfoliation.
A limitation of this method is lack of control especially the number of hBN monolayers in
the flake.

Bottom-up approaches, such as chemical vapor deposition (CVD) and molecular beam
epitaxy (MBE) give an outstanding advantage over the control of layer size and thickness
[170]. CVD is the most promising process because it allows mass production and flexible
controllability during the growth process by adjusting parameters like temperature, pressure,

precursor concentration etc. The growth mechanism has three major steps-

1. Decomposition of precursors such as ammonia borane (BHgN) and borazine (B3HgN3)

into species containing boron and nitrogen under high temperature.

2. Deposition of boron and nitrogen containing species onto metal subsatrate such as

copper and nickel to start the nucleation process for a pure hBN layer.

3. Continuous growth of these nucleation sites into islands with uniform rate. These

islands ultimately coalesce to form one large layer.

After growth, the substrate is spin coated with a carrier polymer- poly(methyl methacry-
late) (PMMA) and the substrate is etched away using an appropriate etchant. The polymer
film now only has monolayer hBN attached to it. It can be transferred to the target substrate
and the PMMA can be dissolved using organic solvents. CVD techniques can also be used for
in-plane growth of heterostructures between hBN and other 2D materials such as graphene
[171].
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2.3.3 Characterization

The most direct technique to characterize hBN is atomic force microscopy (AFM) where a
mechanical probe scans the sample. AFM is a real space imaging technique and has 0.37 nm
resolution which can further be modified using ambient conditions such as low amplitude
excitation of higher eigenmodes of the scanning cantilever [172] and can resolve even the
hexagonal structure. It can determine surface roughness, flake thickness, edge type and other
topological data. This technique requires considerable amount of time and additional steps
and also the scan size is usually small. Another powerful imaging technique is electron
microscopy (EM), where high energy electrons with wavelength 2.5 pm at 200 KeV are
focused with magnetic lenses providing a resolution of 50 nm and magnification 107 times
depending on the EM technique [173]. Most commonly used techniques for characterizing
hBN flakes are scanning electron microscopy (SEM) which only scans the surface and
transmission electron microscopy (TEM) which gives in depth information about hBN crystal
[96]. Composition characteristics can be obtained by methods such as energy dispersive X-
ray (EDX) [174] or electron energy loss spectroscopy (EELS) [175] which are an auxiliary
feature of SEM and TEM. Another non-invasive technique is optical microscopy (OM) where
hBN flake is placed on a contrasting surface such as silicon substrate coated with 80 nm
thick silicon dioxide (SiO;) [176] to optimize the viewing conditions and get an estimation
of number of layers [177, 178]. Although this method is not accurate but it is quick and
very convenient for preliminary checks on hBN flakes before using another sophisticated
technique. Raman spectroscopy (a technique that probes the vibration modes of a system
via elastic scattering) is also used to determine number of layers by probing the E;, optical
phonon coupling(See chapter- 4, phonon sideband analysis for details on E>, phonon mode).
Increase in number of layers increases the inter-layer interactions and the stretching Eo,
phonon mode energy decreases [178]. A detailed study of phonon coupling is presented
later in this thesis which can be used to estimate the number of layers in the sample by just

observing the PL spectra [113].
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Chapter 3

Methods

3.1 Sample Fabrications

The samples for all the work presented in this thesis are made with basic drop casting
technique. We sourced hBN solution from graphene supermarket which comes in a batch of
100 mL vial containing pristine hBN flakes suspended in ethanol/water solution ( product
name - Boron Nitride (BN) Pristine Flakes in Solution, 100 ml, Graphene Supermarket
). The flake size is typically 50-200 nm with average of 1-5 monolayers with 5.4 mg/L
concentration. The solution is pure (>99% in dry phase) and appears white translucent in
colour compared to milky white for suspended micro-sized hBN solutions. The vendor does
not provide publicly the technique for manufacturing the solution and hBN exfoliation but
we suspect, most likely, ball milling is employed. This solution is not made specifically for
single photon emission/nanophotonics research but for a wide variety of applications such as-
dielectric layer in transistors, hybrid materials, inks, insulating films in microelectronics and
protective coating. Hence, the nature, type, location and density of defects are uncontrolled.
This helps in keeping the sample inexpensive and provides a very wide range of emitters to
study.

We use a 6 inch bulk silicon wafer and dice it into ~ 6 X 6 mm sized substrates. It is then
cleaned and the hBN solution is drop cast before the sample undergoes a process of rapid
thermal annealing in nitrogen atmosphere to stimulate defect formation [1]. The temperature
is ramped up-to 850°C in 7 min and held for 8 min before being allowed to cool. After this
the sample is ready for optical experiments. In each of the experimental chapters presented
in this thesis, we altered the process a little bit such as adding a layer of aluminium oxide
Al,O3 [2] to the silicon (Si) substrate or the annealing process with just heating the sample

on hot plate to evaporate the solvent. This has been discussed in the methods section of
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Fig. 3.1 A SEM image of hBN flakes drop cast from solution on silicon substrate. The SEM

parameters are at the bottom. Note that drop casting randomly orientate and distribute the
hBN flakes.

each chapter. The sample in the end has randomly orientated and distributed flakes with a
significant possibility of overlapping (Fig. 3.1), depending on the amount of hBN solution

used.

3.2 Fluorescence confocal microscopy

The fluorescence microscopy is the most basic optical microscopy technique to study material
that shows fluorescence. A laser beam is used to excite the material which then emits photons
at a lower energy. The emission follows the same path as excitation until it is separated by a
dichoric beamsplitter (DBS). The emission signal is a direct measurement of the fluorescent
material in real time. This technique has two sub parts- wide-field and scanning. In wide-field
technique a very large area of the sample is illuminated and the emission can be seen as live
video of the sample. This technique is commonly used in biology to study the molecules

and movement of enzymes in the tissue. For studying emitters in a 2D material such as hBN
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this technique has a major limitation- it excites many emitters at once and decreases signal
to noise ratio. To study single photon emitters we employ the scanning technique. This
technique is also called photoluminescence (PL) measurement in nanophotonics literature.
Fig. 3.2 (a) shows a basic scanning fluorescence confocal microscopy setup. A diode
pumped solid state (DPSS) laser emits at 532 nm in CW mode. The beam is filtered using a
532 nm band pass filter and then passed through a linear polarizer. A half wave plate A /2
changes the excitation polarization to the desired angle, or sometimes a quarter wave plate
A /4 is used to generate circularly polarized light, which is then fed into an objective through
a DBS. A pinhole aperture is often used before the DBS for spatial filtering of the laser spot
by removing the side fringes. The objective lens is mounted on a XYZ piezo stage to focus
and scan the sample. For low temperature measurements, the sample is placed in vacuum
chamber of the cryostat (3.2 K closed cycle optical cryostat, Montana Instruments). The
emitted signal is then diverted using the same DBS into a fibre coupler. At the other end of
the multimode fibre a spectrometer senses the PL signal to generate the spectrum. The DBS
can not block all the excitation signal from the emission beamline so a low pass filter is used
before the fibre coupler as a safety mechanism to protect the spectrometer’s charge-coupled

device (CCD). A linear polarizer checks the polarizing plane of the emission.
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Fig. 3.2 (a) Photoluminescence (PL) measurement setup. BPF = band pass filter; LP = linear
polarizer; A /2 = half wave plate; DBS= dichroic beam splitter; LPF = long pass filter; MMF
= multimode fibre. (b) PL map of a typical hBN flake. The bright spots shows the emitting
centres which can be from a single or a group of defects. (c) PL spectrum of an emitter
marked with circle in (b) showing a sharp ZPL at 575 nm.



62 Methods

During measurement, the excitation spot size (d) on the sample is kept minimum, closer
to the diffraction limited spot size d = 0.61A /NA, where A is the wavelength of the light used
for excitation and NA is the numerical aperture of the objective lens. This allows excitation
of the smallest possible area on the sample and if emitters are separated by a distance more
than d, we can successfully excite only one emitter. The whole sample is scanned in a raster
fashion using a XYZ piezo stage. Each scan point generates a PL spectrum ( Fig. 3.2 (¢) )
which is later processed based on the area under the whole spectrum or under a particular
energy range to generate the PL. map. This method takes a considerable amount of time and
is not very quick. The scan time depends on step size, scan area and signal accumulation
time for each step. Correct focusing of the Z axis is critical for sharp and well resolved PL
maps. Usually a large area of the sample is first scanned with large steps and once interesting
locations are identified, smaller maps are acquired with small step size and large integration
time.

Fig. 3.2 (b) shows a 80 x 80 wn? PL map with 0.5 wm step size in ratser scan. Note that
all the bright spots are not essentially single emitters, there can be more than one emitter with
small spatial distribution which can not be resolved using confocal microscopy. This is a
major drawback of this technique. In this thesis we will discuss the work done on stimulated
emission depletion (STED) microscopy where we achieved 60 nm resolution with confocal
like setup [3].

3.3 Autocorrelation measurement and time resolved spec-

troscopy

Fig. 3.3a shows a basic setup for an auto-correlation experiment. An excitation beam from
532 nm diode pumped solid state (DPSS) laser is passed through a linear polarizer and a half
wave plate to allow polarization only in one plane. The angle of polarization can be changed
by the half wave plate. It is then directed into the objective lens using a dichroic beam splitter.
The XYZ piezo stage aligns and focuses the laser spot on the target emitter. The output
signal is passesed through a set of tuneable filters (low pass and high pass) to filter only the
ZPL. The signal is then divided into two paths using a 50:50 beam splitter and coupled to a
multimode fibre. Each fibre is connected to an avalanche photodiode (APD) which registers
the photons and generates an electronic signal called "click". This click is then sent to time
tagger / time-correlated single photon counting electronics (TCSPC) (Swabian instruments,

model- Time tagger 20) channels to produce a g(z) (1) plot (See background chapter section
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Fig. 3.3 (a) Setup for g?)(1) measurement. BPF = band-pass filter; LP = linear polarizer;
A /2 = half-waveplate; DBS = dichroic beam splitter; TF = tuneable filters; BS = 50:50 beam
splitter; MMF = multimode fibre; APD = avalanche photodiode; TCSPC = time-correlated
single photon counting electronics. (b) A typical time trace from an hBN emitter showing
single exponential decay with decay time 6.8 ns.

2.1.5 for details on processing timestamps and Fig. 2.7 for example g? (7) from a typical
hBN emitter).

A similar setup is also used for time resolved spectroscopy where we study the time
dependent excitation and emission from an emitter. In this case, the DPSS laser is used in
pulsed mode and we remove the 50:50 beam splitter and the inactive APD. The TCSPC
now receives click signals from the active APD and the trigger signal from DPSS laser. The
Matlab program calculates the time difference between the excitation pulse and photons
registered by the APD. Fig. 3.3b shows the output generated after the calculation, commonly
known as time trace. Most photons show a very small time delay between excitation and
emission and the time trace shows an exponential decay. The inverse of the decay rate of this
exponential gives us emitter’s radiative lifetime. This technique is used in the experimental

chapters presented in this thesis.

3.4 Photoluminescence excitation measurement

In confocal microscopy or time resolved spectroscopy we only observe the emission prop-

erties of the emitter once it is excited by the laser system. In the excited state the emitter
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Fig. 3.4 (a) Setup for photoluminescence excitation (PLE) measurement. SCL= Supercontin-
uum laser; DM = dielectric mirror; SMF = single-mode fibre; MMF = multimode fibre; PBS
= polarizing beam splitter; BPF = band-pass filter; LP = linear polarizer; DBS = dichroic
beam splitter; APD = avalanche photodiode; A /2 = half-waveplate; TCSPC-time-correlated
single photon counting electronics. (b) Comparison of PL and PLE measurement. PLE (blue)
probes the vibronic modes in the excited state while PL represents radiative decay of an
emitter from excited state to vibronic modes of the ground state. Note that the PLE has a
poor resolution compared to PL because PLE resolution depends on the SCL step size and
instrument response function of the APD.

relaxes to the ground vibronic level before relaxing to the ground state. Now the emitter
can relax into ground state with or without a change in quantum vibrational number giving
PSB or ZPL respectively (See Fig. 3.4 (b) emission spectra on right). In this way we are
probing the vibrational modes of the ground state, getting only half the picture. To study
the excitation dynamics we use a technique called photoluminescence excitation (PLE). A
supercontinuum laser (NKT Photonics, SuperK COMPACT supercontinuum laser), along
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with an acousto-optic tunable filter (ATOF), provides a narrow linewidth (~1 nm) laser pulse
(pulsewidth ~ 1 ps) . For the PLE experiment, we first do a PL test to see the ZPL energy of
the emitter. Once an emitter is selected, a wavelength filter allows only the optical PSB from
emission into the fibre coupler ( sometime ZPL is used, depending on the experiment, the
reason for this will be discussed later in chapter 5). An APD and TCSPC on the other side
of the fibre do the photon counting and statistics. The setup is shown in Fig. 3.4 (a) . This
preliminary PL test also helps in determining the energy sweep range for the supercontinuum
laser. Ideally this sweep range should start from a bit lower than the ZPL to more than
one optical phonon band higher than the ZPL energy. Fig. 3.4 (b) shows the PL and PLE
from an hBN emitter. For an energy lower than ZPL,, we do not see any emission because
the energy is not sufficient to excite the emitter. When the PLE energy is same as the ZPL.
we see maximum emission as expected. Depending on the optical and acoustic phonon
coupling we also see the PSB in absorption. This technique helps to study the differences
between the ground and excited state and how material behaves during a cycle of absorbption
and emission. This technique is used in experimental chapters 5, 6 and 7 presented in this
thesis [4, 5, 3].

3.5 Stimulated emission depletion spectroscopy

Stimulated emission depletion (STED) spectroscopy is based on the fact that an excited
fluorophore can be depleted via stimulated emission which reduces the ZPL emission intensity
while increasing the phonon sideband emission. If the depletion laser energy matches with
the emitter’s PSB energy, we see a drastic reduction in the ZPL emission. Chapter 6 and 7,
presented in the thesis are based on this technique and it will be discussed in great detail
along with experimental setup and results. A major advantage of STED over fluorescence
microscopy is that it directly probes the vibronic modes of the ground state and filters out the
noise/stray emission from neighbouring impurities. The ability to deplete the defect via PSB
is used in chapter 7 to achieve high resolution maps of hBN emitters without the interference

from nearby species.






References

[1]

(2]

[3]

[4]

[5]

Nicholas R. Jungwirth, Brian Calderon, Yanxin Ji, Michael G. Spencer, Michael E. Flatté,
and Gregory D. Fuchs. Temperature dependence of wavelength selectable zero-phonon
emission from single defects in hexagonal boron nitride. Nano Letters, 16(10):6052—
6057, September 2016.

Xiangzhi Li, Gabriella D. Shepard, Andrew Cupo, Nicolas Camporeale, Kamran Shayan,
Yue Luo, Vincent Meunier, and Stefan Strauf. Nonmagnetic quantum emitters in boron
nitride with ultranarrow and sideband-free emission spectra. ACS Nano, 11(7):6652—
6660, May 2017.

Prince Khatri, Ralph Nicholas Edward Malein, Andrew J. Ramsay, and Isaac J. Luxmoore.
Stimulated emission depletion microscopy with color centers in hexagonal boron nitride.
ACS Photonics, June 2021.

Ralph Nicholas Edward Malein, Prince Khatri, Andrew J. Ramsay, and Isaac J. Luxmoore.
Stimulated emission depletion spectroscopy of color centers in hexagonal boron nitride.
ACS Photonics, 8(4):1007-1012, April 2021.

Prince Khatri, Andrew J. Ramsay, Ralph Nicholas Edward Malein, Harold M. H. Chong,
and Isaac J. Luxmoore. Optical gating of photoluminescence from color centers in
hexagonal boron nitride. Nano Letters, 20(6):4256-4263, May 2020.






Chapter 4

Phonon sideband analysis of hBN

emitters

4.1 Introduction

With the general framework about SPEs established, especially colour centres in hBN, it is
now possible to start exploring the first hurdle in the path of an SPE - phonons. The effects
of temperature are unavoidable and it is important to make SPEs robust so that they can be
operated efficiently at room temperature or higher. Although cooling down the SPE is an
option but cryostat costs makes the whole setup expensive.

In Chapter 2, section 2.1.9 we have discussed how increase in temperature increases
the emitter’s linewidth. When SPE is used at high temperature, a wavelength filter is used
to select only a narrow, ~ 1 nm wide, most intense wavelength from the ZPL. If the ZPL
linewidth is wide, the filter rejects a large percentage of emitted photons and reduces the
SPE’s brightness. Phonons are quanta of lattice vibrations and with increase in temperature
the lattice can support more phonons. It is impossible to remove them from the system but
we can reduce the effects by techniques like Purcell enhancement where emission is coupled
to a cavity mode [1]. What we ideally want is reduced phonon interactions, which increases
the coherence, resulting in a lifetime limited linewidth.

So far, InAs quantum dots demonstrate the best optical coherence properties with lifetime
limited linewidth, and about 96% emission into the zero-phonon line [2]. We have discussed
the properties of QDs in Chapter 2 and how a low operating temperature is the limiting factor.
The large carrier wavefunction in QDs gives a small (1.3 meV) electron phonon cutoff energy
( This is calculated in reference [3] ). This means if phonons with energy more than 1.3 meV

exist in the system, they can interact with the QD emitter and reduce the emission quality. To
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let this happen the temperature of the system should only exceed h@./kg = 16 K, restricting
the use at high temperature.

Although, it is possible to keep the QD under low temperature for quantum technology
applications but this significantly increases the operation costs and size, making it impractical
and uneconomical for the industry. That is why, it is important to search for a SPE that could
give comparable emission quality to QDs while operating at high temperature. As discussed
in chapter 2, section 2.2.3, colour centres in hBN can be a promising candidate with reported
single photon emission upto 800 K [4]. Whilst there are reports of room temperature single
photon emission in InGaN quantum dots [5, 6], colour centres in diamond [7] and SiC [8],
h-BN stand out for the high ZPL fraction (ZPL emission/total emission). Being a 2D material
it is important to know if the phonon bath in hBN is effectively 3D or 2D, and if so, does the
reduced dimensionality have an advantage for the optical coherence properties of the emitter.
The issue has been experimentally investigated for quantum dots in carbon nanotubes with a
1D-phonon bath [9] and Vuong et al [10] have analyzed the acoustic phonon sidebands of
emitters in bulk h-BN, and explain the results in terms of a 3D acoustic phonon-bath. There
are also a couple of reports that fit the acoustic and optical sidebands at room [11] and low
temperature [12].

In this chapter we analyze the phonon sideband of colour centre in multi-layer flakes of
hBN in detail. By comparison of acoustic sidebands of PL data to an independent boson
model, typically used for quantum dots, [13] we infer that the phonon bath is effectively
2D. This arises due to deformation coupling of LA-phonons to in-plane k-vector, due to the
in-plane polarization of the longitudinal acoustic (LA)-phonons in h-BN, [14] and a phonon
dispersion that is nearly independent of k; for phonon energies larger than 10 meV. The
optical phonon band has a number of resonances coinciding with turning points ( phonon
energy where slope of the phonon dispersion curve (d®/dk) is zero, implying a zero phonon
group velocity ) in the phonon dispersion. We propose that a peak at 200 meV detuned
from the ZPL, also reported by others [12] is a signature of a few layer sample. The peaks
associated with transverse optical (TO)-phonons are best described by a deformation coupling
proportional to in-plane lattice displacement. Combined with the near degeneracy of the
TO-band with respect to out-of-plane momentum, [15] the TO-bath is also effectively two
dimensional. By contrast, although the polarization vector of longitudinal optical (LO)-
phonons is in-plane, we infer that the Frohlich coupling depends on interactions between the
layers. This may partly explain variations in the optical-phonon sidebands between different
emitters, as they can be in a flake with different number of layers. Compared to emitters in a

3D host material, this work identifies qualitative differences in the emitter-phonon coupling
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that arise from the layered structure of h-BN. For a second-emitter, evidence for coupling to
out-of-plane polarized phonon modes is reported.

This work has been published and is here adapted from Phys. Rev. B 100, 125305 (2019).
Copyright 2019 American Physical Society. For this work, my contributions were- numerical
simulation to fit the data and inputs for the paper. This paper was written and submitted by
Dr. Andrew Ramsay.

For this topic, the contributions are; Prince Khatri- numerical model simulation, fitting
the data, inputs for the paper. Dr. Isaac Luxmoore- model and theory guidance, inputs for the
paper and preparing the figures. Dr. Andrew Ramsay- Collecting the data, model and theory

guidance, writing and submitting the paper.

4.2 Photoluminescence measurements

The sample consists of few-layer flakes of hBN drop-cast onto a silicon substrate. See chapter
3, section 3.1 for more details. For a 532 nm pump laser, the density of emitters is low, under
1 per 100 um?. We focus on two colour centres emitting close to 2.17 eV.

The identity of the colour centre is unknown, and the subject of some debate. However,
inref. [16], in monolayer hBN samples where the emitters are at approximately 580 nm, the
dominant defects in TEM was found to be the boron vacancy. Therefore, the defects studied
here may be the V.

Fig. 4.1 compares the micro-photoluminescence spectra of emitter I using a 532 nm
pump at temperatures of 20 and 275 K. Close to room temperature, the spectrum consists
of a bright, narrow line at 2.171 eV. We attribute this peak to the zero phonon line (ZPL)
emission of the colour centre, since the intensity of the peak is sensitive to temperature. The
energy of the ZPL is 159 meV less than the photon energy of the pump laser, similar to
the energy of an optical phonon. Defects emitting at similar energies have been previously
reported [17]. At 275 K, there is a slight asymmetry of the ZPL, which is clearly revealed
as the temperature is decreased. In fig. 4.1(a), the spectrum is colour-coded to indicate
red-detuned sidebands due to acoustic phonon emission assisted radiative recombination
(detuning <150 meV)(red), and optical phonon emission assisted radiative recombination
(150<detuning <200 meV)(blue).

At low temperature, approximately 18% of the emitted photons are from the zero phonon
line at 571 nm. This is high compared to 12%, 3.7% at 575 nm, and 682 nm reported in
ref. [17], and considerably smaller than the (80% at 623 nm) reported in ref. [18]. The

coupling of the colour centre to the vibronic modes, as evident in the temperature dependent
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Fig. 4.1 Comparison of PL at 20 K and 275 K for emitter I. The ZPL can be identified by its
large drop in intensity with temperature. (above) By comparison to the phonon dispersion
curves [14] the acoustic and optical sidebands can be identified. The markers indicate data
points, and lines are fits to data from ref. [14]. For the LO(E},)-band, a fit to ab-initio
calculations in ref. [14] is used. (inset) 2D Brillouin zone.

spectra of Fig. 4.1, leads to the observed reduction in the relative intensity of the ZPL as
the temperature is increased. About 19 % of the emission is into the optical phonon band,
indicating that coupling to optical phonons is efficient, and the broad acoustic phonon band

accounts for the rest.
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4.3 Analysis of the acoutic phonon sideband

In order to analyse the acoustic phonon sideband we consider a two level system which is
coupled to a phonon bath. The system is excited to energy level |1) at = 0 which then decay
to ground energy level |0) via some phonon coupling as shown in Fig. 4.2. Note that this
model is based on the Ref. [13], where it is used to study phonon interaction with QDs. In

this chapter, we implemented this model for emitters in hBN, similar to Ref. [10].

1> eeeesss—

8 —Yzpt
> P(t) = exp |[—=— —y () — ip(t)
5 2

Fig. 4.2 Two level system coupling to a phonon bath. System is excited from |0 >— |1 >
with a green laser, shown in the diagram as Pgye.,. Att = 0 the system is in excited state. The
decay from |1 >— |0 > is coupled with the bulk phonon modes @y ,. The allowed phonon
energy in Brillouin zone can be deduced from phonon dispersion curves of bulk hBN shown
in Fig. 4.1 [14].

The electronic polarization P(z) of the defect is related to the fixed incident field E by

P(t)=¢ex(t)E 4.1)

where € is the electric permittivity of the medium and y (¢) is the time dependent linear
susceptibility, which captures all the phonon phenomena.

For our two level system, the linear susceptibility is defined as [10]
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x(1) = exp | Y [Yasl*(e M — N(ay(k), T)|e "W — 112 1) (4.2)
ak

here j is the phonon band, k is the propagation wave vector for the phonon, ¥; is a dimen-
sionless coupling strength of the phonon band with the two level system, @;(k) is the energy
of the phonon band along vector k and N(w;(k),T) is Bose-Einstein distribution.

To consider the phonon assisted broadening of the ZPL we multiply the susceptibility

—FZth/2h

with exp , where I'zp; 1s the full with half maxima of the ZPL and can be obtained

by a Lorentz fit to the PL data. Susceptibility can now be written as

X (1) = x(t)exp tzrt/2h 4.3)

For simplicity and better understanding we can consider emission polarization and use

equation 4.2 and 4.3 to write time dependent polarization as

P(t) = exp (—Fzé’ L) - iCID(t)) 4.4)

where I'zprt /2h represents dephasing to account for the finite width of the zero-phonon

line from Eq. 4.3 and y(¢) and i®(¢) represents the part of linear susceptibility from Eq. 4.2.

—¥(r) — id(t Z|ya| ~i0R) _ N (g, (K),T)|e @ ® 112 — 1) (4.5)

The emission spectra is given by the real part of the fourier transform of polarization

S() = real ( /0 ) e—iwfp(z)) (4.6)

Using Euler’s formula ¢ = cos¢ + ising, we can separate Eq. 4.5 into a real and

imaginary parts and write y(¢) and ®(r) as
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¥(6) = Y [Weal*[1 — cos@q(K)r][2N (02 (k). T) + 1] 4.7)
ak
(1) = Y [Vl *[25in04 (K)] (4.8)
a.k

we can change summation to integral by including density of states as }’, — [ d“n. For

a d-dimentional k space of volume V,; Equation 4.7 can be written as

M=% (22”’)[, [ dkimaP 1 - cosou (Rr)2N (@,(K). ) + 1] (4.9)

Coupling constant ¥ , can be expresed as

8k,a

m (4.10)

Yea =

where g , = g,(clﬂ)l — g,(c(lz is the difference in the electron-phonon coupling strength between

the upper |1) and lower energy level|0) of the two level system. Combining 4.9 and 4.10
gives us the final form y(¢) and ®(¢)

Vdddk 8k.a 2
y(t):;/(zﬂ)d o (1— cos@yqt) 2N (@0, T) +1) @.11)
o)=Y / Vad“k | 8ka 2s'na) (4.12)
= — inw 4 .
a (27r)d (’)k,a “

In the following analysis the bulk phonon modes are assumed. The energy dispersion is
obtained from a fit to the data in [14]. We have phonon energies only inI'— K and I' — M
directions. To interpolate the phonon energies across the whole 2D Brillouin zone we used
o(k) as a function of k and 6 where k goes from O to edge K of the Brillouin zone and 6
from 0 to /6
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(K 0) = 3 (@ x(K) + OF _y(K) + 3 (0F_x(k) ~ OF y(R) cossd  (413)

N | —

To describe electron phonon coupling we expand the term g , which accounts for how

strongly each phonon mode couples with the system [13].

1
g = (it + %0, 2" 1 () (4.14)

The prefactor normalizes the energy of the phonon mode to Ay 4. pg is d-dimensional
mass density. féb) (k) is form factor and defined as the overlap between the electron desity of
state (b) and phonon wave function (k,a). In other words, form factor can be defined as the
size of the emitter in the brillouin zone, which is fourier transform of the physical size of
the emitter in real space. Since the phonon mode is a travelling wave féb) (k) is simply the
fourier transform of the electron probability density, féb) (0) = 1 by definition. The . -term
describes a piezo-like change in the energy proportional to the lattice displacement, and the
Z-term a deformation-like coupling proportional to the strain. For acoustic phonons, the
Z-term dominates since the strain changes the separation between neighbouring lattice sites.
The unit-vector #, is the polarization of the phonon mode of band-a.

Our goal here is to understand the electron phonon coupling by comparing the data with
the model. A number of fitting parameters can be reduced to ease out the fitting process
and stop over-parametrization. The difference in coupling strength of level |1) and |0) is

responsible for the phonon sideband in PL so we can drop parameter b here

1 0
Ska = 8ha ~ 8k

— M=l -0, 2,=9 -2 and g, =) gD

In the unlikely case that .Z al = ///a(o), the form-factor and coefficient are redefined such
that f(k — 0) = k?, since the probability density is real. In the case of a quantum dot, the
envelope of the carrier wavefunction spans more than 103 lattice constants and is relatively
unaffected by lattice vibrations. The electron-phonon coupling arises from a change in
band-gap and hence is a property of the host material [13]. For a deep defect, the intra-band

transition is insensitive to changes in the bandgap. However, since the carrier envelope is
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similar in size to a lattice constant, the confinement potential is strongly influenced by lattice

vibrations, and hence a coupling constant that is a property of the defect is expected.

4.3.1 Coupling dimension and isotropicity

To help identify the dimension and coupling mechanism we need to simplify equation 4.11
and 4.12. The (1 — cosay 4t) (2N (@ 4,T) + 1) term becomes 0 as @y , — 0. We can remove
this problem by:

. [ O ql
(1 » t) i 2 wk7at ) a)k7at 2 sin ( 2 ) ) Wy ot 2 .2 wk,at
— COoS = Z5In — | = = - simnc
k.a "\ T2 2 <w,<,,,t 2 2 ) 2

. .2 a)k.,at o
lim sinc =
Oy g—>o0 2

The term (2N (w4, T) + 1) = coth (21( T) becomes o as @y, — 0. To remove the

singularity we modify the term:

(2N(g o, T)+1) =

hao, 2K, T
lim @y ,coth ka ) _ 27D
W—ro0 2KbT

Using these two modifications the y(z) can be rewritten as

Vdddk O at* 5 O gt hay
Z/ < > sinc > wkacochKbT (4.15)

For a two-dimensional isotropic phonon coupling

V,d% A
/(gn)d - (2%)2/d2k

8k.a
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To include phonon anisotropicity this can be further modified as

(2?:)2 / d*k=

where k goes from 0 to edge K of the Brillouin zone and 6 from O to /6. The factor

12 comes from the fact that integral only covers 1/12¢h of the brillouin zone. The strength
term gy , is same for both isotropic and anisotropic coupling. To include anisotropicity the
phonon energy should also be anisotropic and eq. 4.13 for w(k, 6) should be used. For a

two-dimensional anisotropic case using equation 4.10:

1

$ha = \/ 2PA AR 6 4

Combining all the results,y(¢) for anisotropic two-dimensional LA deformation type

(i.My+K.0,D,) fa(k)

coupling is:

”/6 K k3 12 5 W gl hay, o
_ ; ) h
V) = 27t2pAh/ / (2) (Smc 2 ) (wk ocot 2KbT)

(4.16)

For n-dimensional isotropic

D? K jrtl 12 Oyt hay,
)4 = dk (= ( 2—) th 4.17
Y = 2zmos Jo ol (k) (2) Sinet= (“”‘c" 2K,,T> ¢-17)

wherem=n—1ifn>2andm=1if n = 1. ¢(¢) for all casses can be calculated easily

using the same method. For calculations we considered three types of form factor

fA (k) =e ko Exponential (4.18)

k) =™ Gaussian (4.19)
2

) =2 Lorentzian (4.20)
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where o is a measure of the size of the electron density. Fig. 4.3 shows calculated spectra for
different form factors. To make comparison easy 2D isotropic deformation type coupling
is used and 2,p = 8.8 ¢V for all calculations. We used %, = 8.8 ¢V here such that the
calculated spectra in 4.3 (b) are approximately close to the data points to see clearly which
form factor follows to correct trend. Note that a fitting to obtain precise value of Zp is

presented in 4.4.
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Fig. 4.3 Different form factors used for calculations. (a) represents form factor in brillouin
zone alone I' — K direction. (b) Calculated 2D-deformation anisotropic LA coupling spectra.
P»p = 8.8 eV for all calculations. Only exponential form factor (solid lines) with appropriate
o can fit the LA sideband data.

In Fig. 4.4, a close-up of the acoustic phonon sideband is shown, which indicates that an

exponential form factor most closely fits the experimental data
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Fig. 4.4 Close up of acoustic phonon sideband. Lines are calculations that assume electron
phonon spectral densities of order n=1 (cyan), 2 (blue), 3 (green). Qualitatively, the n=2
case fits best. The red line shows the case n=2, using Eq. 4.16 to estimate the anisotropy
of the nonlinear dispersion curves, and gives a slightly better fit to data. The parameters
used are: Z1p =4eV,pip=1.65x10""9kg.m™! o1p =0.21 nm; Zrp = 10.5eV, pop =
0.76 mg.m ™2, 0op = 0.35 nm; Z3p = 26 eV, p3p = 2.18 x 10> kg.m >, 63p = 0.49 nm.

Note that the acoustic sideband is quite smooth, even on logarithmic Y scale, and do
not show any sharp peaks near 75 meV and 100 meV, implies that the Z-axis optical (ZO)
phonons do not play a significant role. To identify the order of the electron-phonon interaction,
a set of calculations assuming deformation coupling, and that 2(1) # 2() are made for
longitudinal acoustic phonon-baths with linear dispersion of different dimension n = 1,2, 3,
and are shown alongside the data in Fig. 4.4. Only n = 2 can describe the data. Therefore,
to conclude, the acoustic sideband arises from deformation coupling to a phonon bath that
is effectively two-dimensional. Since the form-factor restricts the contributing phonons to
low-k, it is difficult to distinguish between contributions from TA and LA phonons. An
additional calculation using Equation 4.16 to approximate the anisotropy and include the
nonlinearity of the dispersion is also made, see Fig. 4.4, and provides a slightly better
description of the data at higher phonon energy.

An effective two dimensional coupling can arise if the integrand of Eq. 4.15 is independent
of out-of-plane k-vector k,. Since the polarization i, of the LA and TA phonon modes is
in-plane, the deformation coupling is to in-plane momentum, gi 74 ~ ZraK.lips — Drak, .
In addition, for phonon energies A > 10 meV the dispersion curves of the LA and TA-
phonons are also independent of k; [14]. Hence, due to the in-plane polarization of the
phonon modes, for most energies of interest the electron-phonon coupling is effectively

two-dimensional, although this is a multi-layer sample.
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If we assume that only LA-phonons contribute, since k.iit4 = 0, we extract a value
Drp ~ 10.5 eV, using prp = 0.76 mg.m~? [19]. 674 = 0.35 nm which is about 2.4 times
the nearest neighbour separation of 0.144 nm [20].

The deformation coupling strength is close to the Zy4=11 eV found for UV-emitting
defect-bound excitons coupled to 3D phonon-bath in bulk h-BN [10], and is close to values
found for excitons in GaAs QDs [21]. However, it is relatively large compared to deformation
coupling constants of up to 0.6 eV measured under static strain conditions for hBN colour
centres emitting at 2.14 eV [22].

4.4 Analysis of the optical phonon sideband

To gain insight into the interaction of the colour centre with optical phonons, we compare
the dispersion curve of hBN presented in ref. [14] (Note that the experiment to measure the
data is not performed by Serrano ef al [14]) to a close-up of the optical phonon sideband
of the emission spectra taken at 20 K, see Fig. 4.5. The red and green curves indicate bulk
LO-phonon branches with E>, and E,, symmetry at the I'-point, where neighbouring planes
oscillate in-phase or anti-phase, respectively. The black curve shows the bulk TO-branch.
The over-bending of the in-phase LO(E»,)-band results from a spring-constant that changes
sign with the separation between lattice sites, see table I of ref. [15]. For multi-layers, [15]
adjacent out-of-phase layers (k; # 0) generate an in-plane electric-field via the Coulomb
interaction increasing the spring constants. This increases the energy of the LO(E,,) with
respect to the LO(E,) band, suppresses the over-bending, and results in energies that depend
on the number of layers, as seen for example in other 2D materials such as graphene [23],
MoS,, and WS, [24, 25]. To aid identification, construction lines are drawn from the turning
points in the bulk dispersion curves, corresponding to energies where the phonon density of
states is high.

Table 4.1 compares the features labelled A-I with turning points in the dispersion curves
[14] of the optical sidebands, where the phonon density of states are high. The strong peak-A
at 200 meV, also seen in [12] can be unambiguously identified as the LO(E1,) band at the
I"-point of bulk h-BN [15].

The lowest energy peak (I) corresponds to TO(K). The strongest peak (H) at 156 meV
correspond to the TO-branch near to the first Brillouin zone edge. The relative strength of
this peak compared to the LO-peak (A) is suggestive of a sample with few layers, rather
than a single layer, as the relative DOS of the TO-branch compared with the LO-branches

is higher since the degeneracy of the TO-branches is not lifted by the Coulomb interaction
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Fig. 4.5 (a) Dispersion curves of the optical phonon branches. The markers are data, and
the lines are fits to data taken from Serrano et al [14]. The LO(E;,)-band is a fit to ab-initio
calculation of ref. [14]. Vertical lines are aligned to turning points in the dispersion curves
where the density of states is high. Comparison of data to calculations considering a single
band: (b) LO(E1,) (¢) LO(E»g) (d) TO. We consider a Frohlich (blue,cyan) and deformation
(red,orange) coupling with (blue, &7y = 22.2,0 = 0); (cyan,&. sy = 33.3,6 = 0.2 nm);(red,
A =T2eV.am™b); (orange, Z = 341.5 eV.nm ). For the TO-branch only the deformation
coupling is presented. (e) A fit to data assuming Frohlich coupling to two LO-branches,
and deformation coupling to the TO. Values of & r(LO(E1,)) = 33.3,&.77(LO(E2g)) =
66.7,0610 = 0.2 nm, .#70 = 153 eV.nm ™!, 679 = 0.1 nm are used.
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[15]. The presence of peak (E) suggests the turn-on of the electron-TO interaction at low
momentum as the phonon energy decreases. Peak (D) is assigned to LO(Eyg,I") assuming
the energy is slightly higher than the TO(I") point. It is also reproduced by the calculations,
see Fig. 4.5(c). Peaks (F) and (G) are near the Brillouin edge of the LO bands, and we use
the energy ordering to assign (F) to LO(E;,,M —K) and (G) to LO(E»;,M —K). Peak B
corresponds to the energy of the turning point in LO(Esg, T).

Peak | detuning (meV) identity
A 200 LO(Ey,,I)
B 183 LO(Ey,,T)
C 178 ?(Not Sure)
D 172 LO(Ey,,IN)
E 169 TO(T)
F 163 LO(Ey,M —K)
G 159 LO(Ez,,M —K)
H 156 TOM),TO(T)
I 149 TO(K)

Table 4.1 List of optical phonon peaks observed in Fig. 4.5. Most peaks can be linked to
turning points in the dispersion. (T) labels a turning point away from the first Brillouin zone
edge.

To model the electron-phonon interaction, we consider a Frohlich-like coupling (coupling
which arises due to microscopic electric field produced by the LO phonons which interact

with the electrons) to the LO-branch of dimension d = 2 given by [26]

2
€" W a,LO
24-d ﬁeovdkjijl Eeff.a

gkarol® = fio(k) (4.21)

where €5 1s treated as a fitting parameter. For a single conduction band electron

1 1 1
= —— (4.22)
Eerf Eo &

where €. and & are the high frequency and static dielectric constants respectively. The
other parameters are the permittivity of free-space &, and the electron charge e. The
anisotropy of the dispersion of the optical phonons is approximated according to Eq. (4.15)
with @y ¢ from Eq. 4.13. Note that qualitatively, there is no difference in y(¢) for a 2D or 3D
Frohlich interaction, and we cannot use the data to distinguish between them. To find ()

for 2D anisotropic Frohlich coupling Eq. 4.11 can be modified as:
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124 (76 (K lgo]?
t rohlich — de/ dk|=——
Y(t)2D, frohiich (27[)2/0 A

(1— COS(Dk,gl‘)(ZN(COk’g, T)+1) (4.23)
Wy 0

For optical phonons Awy, >> 2K, T

ﬁa)kg
2N T)+1)=coth : 1

()14
(1 —cosay ) = 2sin* (%)

Using Eq. 4.21, 4.23 and above results

3¢? /6 K 1 7 [ Ok 0!
t rohlich = ~—H7——— do | dk ] ’ 4.24
Y(1)2D, frontich 22 hiEoEuy, /0 /0 (Dk,esm ( > ) (4.24)

The polarization of the LO-branch is in-plane, hence the argument in Eq. (4.21) is
k — k. For a .4 -layer sample [15], there are .#” LO-branches, labelled by the index «
according to the relative phase between adjacent layers (i.e. k;). The dispersion depends on
the index o, and the number of layers .4". In Fig. 4.5(a), the LO-branches with k,c =0, 7 (i.e.
LO(Ex,),LO(E),) respectively), are shown for a bulk material. The volume V; — .4V, and
a sum over .//” branches is made in Eq. 4.14. Calculation for 25-layer sample is presented
in Fig. 4.6. The phonon dispersion curves are calculated from [15]. The saw-like n-peak
pattern in calculation between 200-170 meV is absent in the data. Moreover, the multi-layer
calculation suggest that as ./ increases the 200 meV feature should become weaker contrary
to the experimental data. This implies that increasing the number of layers will only diverge
the fitting. 1-layer sample lacks any phonon feature around 200 meV [15]. This strongly
indicates that only bulk phonon modes presented in Serrano et al [14] should be considered
for the optical calculations.

In addition to the Frohlich interaction, it is expected that both the LO and TO modes will
exhibit a coupling proportional to the optical displacement. For optical-phonons, this is often
referred to as deformation coupling [27], but can be treated as the .Z -term from Eq.4.14 in

Eq. 4.11. y(z) for 2D anisotropic optical deformation coupling can be written as:
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Fig. 4.6 Optical sideband calculation considering a case of 25 layer sample. The phonon
dispersions in (a) are calculated from [15]. (b) n+1 peaks are expected for n-layer calculations.
The saw-like pattern in calculation from 200-170 meV is absent in the data. All LO optical
peaks (green) are caluclated with same fitting parameters €,7y = 22.2,6 = 0.2 nm and 2D
Frohlich coupling. Red shows deformation coupling with .#7¢ = 164 eV.nm™! 670 =
0.2 nm and blue is calculated spectrum including LO, TO and LA (Zj4 = 9.5 eV,014 =
0.4 nm) bands.

3.H4*  [7/6 K k2 12 oy ot hay o
t _ 9 ’ 2 ’ l.h ’
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Fig. 4.5 compares calculations of the different bands contributions to the spectrum. The
contribution to ¥(¢) of both the Frohlich interaction and the optical deformation coupling
depends mostly on the inverse group velocity of the band. In Fig. 4.5(d), the TO-branch is
unaffected by additional layers [15], so should be less open to interpretation. The strongest
peak (H) is reproduced with .#70=72-341 eV.nm~!, depending on the o7¢ used. This

appears high, however the origin of the coupling is the deformation of the lattice, and at the
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Brillouin edge the ‘acoustic’ deformation coupling required to give the same shift in energy
is: 9 = Mroa/mw =3.3—15.6 eV, which is not unreasonable. Peak (I) is not reproduced,
this is attributed to the higher group velocity of the approximate dispersion curve used in our
calculations.

In Fig. 4.5(b), it is clear that 200-meV peak can only be explained by Frohlich interaction
to a bulk-like LO(E},) mode, since the .# -term has no peak at the ['-point where k; = 0.
Naively, one would expect the defect to couple to all of the LO-modes equally. In Fig. 4.5(c),
the LO(E,,) band has a higher DOS since the spread in energies is lower. Hence if the
coupling were equal, this would imply that the peak at the LO(T) point would be stronger
than the 200-meV peak. This implies that for this defect, the Frohlich coupling is stronger for
LO-modes where adjacent layers oscillate out-of-phase. This may suggest that dipole fields
generated by adjacent layers cancel or enhance the E-field generated by LO-phonon, or may
relate to which layer the defect resides. The strength of the interaction given by 8&; =0.03
is small compared with the value of 0.056 for a single electron in bulk h-BN [28]. This is to
be expected since it is the difference in the charge distribution of the energy-levels of optical
transition that matters.

Fig. 4.5(e) presents a fit to the optical sideband using two LO bands with Fréhlich
coupling and a TO-band with deformation coupling. We note that the model is over-specified,
and the numbers used should not be considered as accurate. The discrepancy at high energy

may suggest that more layers need to be considered, or that 679 < 0.2 nm.

4.5 Emitter II

There is considerable variation in the phonon sidebands of the colour centres. To make this
point, Fig.4.7 presents the photoluminescence spectrum of emitter II. Although the emission
energies are similar, the spectrum is more complicated than for emitter-I. Peak-B is the
strongest, and the peak intensity falls strongly with temperature. Hence we assign peak-B as
a ZPL. In Fig. 4.1, the ZPL is the highest energy peak, consistent with our two-level model.
However, for emitter II the highest photon energy peak is the weaker peak-A. We cautiously
suggest that peak-A is also a ZPL, either indicating a fine-structure or a second colour centre.
If we assign peaks A and B to ZPLs, then peaks C-G match turning points in the ZA and ZO
dispersion curves relative to peak-A. The energies of peaks C and G also match expected
turning points relative to peak-B. The energies of peaks H to O match turning points of
in-plane polarized phonon modes. The suggested identities of the peaks are presented in table

4.2. The out-of-plane polarized phonon modes have Bj,-symmetry [14]. Observation of ZA
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Fig. 4.7 Photoluminescence spectra of emitter II. (top) Dispersion curves of bulk-phonon
modes. The markers are data points, and the lines fits to data or ab-initio calculations of
ref. [14]. The z-polarized ZA and ZO branches are shifted to the blue by 5.5 meV to
match peak-A. The peaks A-O are identified in table 4.2. To aid comparison a number of
construction lines aligned with peaks in PL have been drawn.

and ZO-phonon assisted emission suggests that one of the electron states of ZPL,4 couples
to this symmetry, possibly indicating a p, orbital [29]. We note that peak (I) is especially
strong, sharp, and sensitive to temperature. This could indicate a ZPL at 610 nm, or the
LA(M) point with respect to peak-B. Peaks (H) TA(K), and L(LA(M)+TA(K)) are prominent
and correspond to displacements along the bond direction of the heavier Nitrogen sub-lattice.
Once again, there is a 200-meV peak of the LO(E,,I") point, indicating the sample has a
few layers. Otherwise the in-plane optical phonon sideband has fewer features than emitter I,

possibly due to broadening with ZA-phonons, or the emitter preferentially couples to TO
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Peak | detuning (meV) identity
A -5.5 ZPL,
B 0 ZPL,
C 9.8 ZA(T); or ZA(B1g, 1)y
D 32.7 ZA(M,K),
E 61 TA(M);?
F 83.2 zo(l),
G 94 ZO(T), or ZO(T),
H 107.6 TA(K)y
I 140 LA(M),
J 159 TOM),
K 200 LO(Ey,,T),
L 244.5 LAM)+TA(K),
M 315.5~ 2(158) 2TO(M)x,2LO(M, K)y
N | 319.8~ 149+170 | TO(K)x + [LO(Ezg,I"), TO(T')
O | 369.4~ 200+170 LO(Ey,I')x + TO(I')x

Table 4.2 List of peaks identified in Fig. 4.7 for emitter II. Peaks A and B are identified with
ZPL lines labeled z and x. The other peaks are identified relative to these two peaks. The bar
labels modes where layers oscillate in anti-phase. For peaks C and G the energy matches
phonon energies with respect to both peaks A and B.

along the K-direction where the DOS is less peaked. The energies of peaks M-O, match two
phonon resonances given in table 4.2.

This suggests that either emitter I and II are from different species of defect, despite their
similar emission energies 2.171 (emitter I) vs 2.167 eV (emitter II), or the local environment
of emitter II somehow activates the out-of-plane transition.

Note that it is possible that these spectral lines could be from a nearby emitter or charged
species. In Chapter 6, we present stimulated emission depletion spectroscopy, a powerful

technique to remove spectral line which are not from the emitter under observation.

4.6 Conclusions

The phonon sidebands of a colour centre in h-BN emitting close to 2.17 eV have been
analyzed using an independent boson model usually applied to quantum dots [13]. Key
differences in the electron-phonon coupling that arise due to the layered structure of h-BN are
identified as follows. For emitter I, the acoustic sideband can be described by deformation

coupling to an effective two-dimensional phonon-bath with exponential form-factor. This



4.6 Conclusions 89

arises because the LA-phonons are polarized in-plane, and deformation couple to in-plane
momentum, and for phonon energies larger than 10 meV, the acoustic phonon dispersion
is degenerate with respect to the out-of-plane momentum. For a two-dimensional system,
this results in an intrinsic sub-Lorentzian broadening of the ZPL [30], and could limit the
optimum photon indistinguishability that could be achieved. The identification of the order
of the electron-phonon spectral density is important, since this determines a number of
coherence properties, such as the power laws of intensity damping [21], and ZPL broadening
[17,31-34].

In optical phonon band, A peak at 200 meV, which can be attributed to Frohlich coupling
to an LO(E,)-phonon where neighboring layers vibrate in anti-phase is prominent in both
emitters, and is reported in ref. [12]. We propose that this is a signature of a multi-layer
flake with .4~ > 3. The LO-phonons are Frohlich coupled. From the data, we infer that
contrary to our simple model, the Frohlich interaction strength depends on the relative phase
between adjacent layers, i.e. k;. Furthermore, much of the variation in the optical phonon
sideband between different emitters, may be down to the number of layers in the sample.
The TO-electron coupling can be described by a deformation coupling proportional to the
in-plane lattice displacement. Combined with the near degeneracy of the TO-band with
respect to out-of-plane k-vector, the TO-bath is effectively two-dimensional.

For emitter II, we argue that a second weak ZPL coupled to z-polarized phonons is
present.

We note that the cut-off length is small 674 ~ 0.4 nm, and indicates small carrier wave-
functions. Due to the high speed-of-sound, this corresponds to a cut-off temperature of
ho./kg = oﬁ_ka ~ 400 K, where v is the angle-averaged speed of sound, explaining the
temperature robustness of the ZPL.

For bulk-phonon modes, an exponential form-factor implies a Lorentizan-like [35]
electron density in real-space. The size of the electron density o varies between phonon
branches. Within the independent boson model, this may arise from the use of a single
form-factor, and a different ratio of the coupling strength to the upper and lower energy levels
of the optical transition between bands. However, this may also hint that short-lived phonon
modes localized to the defect may be involved. How these should be treated in this model is

an open question.
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Chapter 5

Optical Gating of Photoluminescence

5.1 Introduction

In the previous chapter, the emitter is resonantly excited with a 532 nm CW laser and a
phonon mediated emission process was studied. For qualitative SPE measurements, we have
to search for a bright emitter (for high signal to noise ratio) with "clean spectra" (Intense
ZPL with narrow linewidth, clear PSB peaks and no other intense peaks which can be from
a nearby species) such as emitter I in chapter 4. The drop casting technique and annealing
at high temperature facilitates many such emitters in the sample and a 80 x 80 wn? PL map
(See Fig. 3.2 in chapter 3) can reveal a number of them. The next issue is the stability of
these emitters. During experiment we observed that some emitters fluctuate in intensity,
some are stable over time and some switch off after few minutes of illumination. Since no
one is clear about the origin of these emitters, it is not possible to predict the stability by just
looking at the spectra, one needs to illuminate the emitter for a long time while tracking its
photon count rate. Instability in emission makes hBN emitters unreliable for application in
quantum technologies. The ideal scenario would be to make an emitters stable rather than
hunting for a stable one that may or may not have the desired wavelength, linewidth etc.

Typically, the choice of excitation laser plays a crucial role in the optical control of
quantum emitters. For example, in stabilizing and enhancing the photoluminescence (PL)
yield, of colour centres in diamond [1-5] and SiC [6—8], and of InGaAs quantum dots [9]. In
hBN there have been fewer studies in this area, but the choice of excitation energy has been
shown to play a role in the absorption efficiency [10, 11], in stabilisation and enhancement
of the PL emission [12] and in photochemical modification of the defect [13].

For the work in this chapter, we use multicolour excitation to investigate the photophysical

dynamics of yellow emitting colour centres in hBN. Typically a green excitation is used to
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study such defects. The addition of a blue repump laser dramatically enhances the PL yield
of certain colour centres, but has a weak effect on others. We investigate two defects in detail
using photoluminescence, and photoluminescence excitation (PLE), spectroscopy. Through
comparison with a rate equation model we find that the observed dynamics can be explained
in terms of photo-induced switching between two states. The colour centres are pumped
into a dark state by resonant, or quasi-resonant, excitation and require a higher energy laser
to repump back to the bright state. The repump spectrum is step-like with a defect specific
threshold between 2.25 and 2.6 eV. This indicates a discrete to band repump transition, and
points to charge state conversion as the origin of this behavior.

This work has been published and is here adapter from Nano Lett., 20, 6, 4256-4263
(2020). [14] Copyright 2020 American Chemical Society. For this work, my contributions
were- numerical simulation to fit the data, measurements in the lab and programming the
devices, inputs for the paper and contribution towards plotting the figures. This paper was

written and submitted by Dr. Isaac Luxmoore.

5.2 Sample Preparation and Experimental Setup

For this experiment, before drop casting hBN, the Si substrate is coated with 5 nm of Al,O3
[15] followed by annealing. See Chapter 3, section 3.1 for process and details. Fig.5.1 shows
the experimental setup. The three lasers used in the experiment are co-aligned and coupled to
a microscope objective of N.A=0.8, which focuses the laser light to a diffraction limited spot
of approximately 1um diameter. The luminescence from the sample is collected using the
same objective and sent to a monochromator/CCD for spectroscopy, or filtered using a pair of
tunable long and short pass filters resulting in an allowed bandwidth of ~1 nm and detected
with avalanche photo diodes (APD), for time-resolved and autocorrelation measurements.
Blue and green continuous wave (CW) excitation is provided by a 450 nm (2.76 eV) diode
laser and a 532 nm (2.33 eV) diode pumped solid state (DPSS) laser, respectively. A function
generator is used to provide trigger signal for the two lasers and TCSPC (time correlated
single photon counter). A pair of half wave plate (A /2) and linear polarizer (LP) are used at
the input before DBS to set the excitation polarization. On emission side, before tuneable
filters, another set of A /2 and LP detect emission polarization. For the PLE experiment a
supercontinuum laser (SCL) is filtered with an acousto-optic tunable filter (AOTF) to give a
~1 nm bandwidth and a pulsewidth of ~5 ps. The AOTF can be driven with a superposition
of radio frequencies to create a filter with multiple passbands that can be independently

controlled (wavelength and transmittance). This means that AOTF can allow two or more
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Fig. 5.1 Schematic diagram for photocharging setup. PBS=polarizing beam-splitter; LP=
linear polarizer; DBS=dichroic beam-splitter; SCL=supercontinuum laser; AOTF=acousto-
optic tunable filter; DS=duty cycle; APD=avalanche photodiode; A /2=half-waveplate;
TCSPC=time-correlated single photon counting electronics. For PL. measurements signal is
sent to spectrometer instead of tuneable filters and APD.

spectral lines with full control over intensity and wavelength individually. However, the pulse
frequency is same for each spectral line and can be controlled using the SCL ( frequency =
80 Mhz ). This enables PLE measurements with simultaneous resonant excitation, as shown
in Fig. 5.8(a).

5.3 Multicolour Excitation

Fig. 5.2 illustrates the enhancement of photoluminescence from colour centres in hBN
using multicolour excitation. Fig. 5.2(a) shows a typical PL map recorded with green CW

excitation, which shows a number of bright spots resulting from individual, and small clusters
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of, colour centres in hBN flakes. In Fig. 5.2(b), the same region of the sample is mapped
using co-aligned green and blue CW laser beams, resulting in an approximately two-fold
increase in the number of luminescent centres. Two representative emitters are highlighted in
the PL maps and defined as defect-A and defect-B. Defect-A appears bright in both maps,
whereas defect-B is dark under green excitation, but bright when blue illumination is added.
To verify that defects-A and -B are individual colour centres we measure the second order

auto-correlation function, g (1)

5.3.1 Second order autocorrelation measurements

To verify that we are probing individual colour centres, we use a HBT interferometer to
measure the second order autocorrelation function, g(z)(f), of defects A and B. Fig. 5.3
summarises these measurements, where the data is presented without background subtraction.
Note that the g (1) is normalised by dividing the second order autocorrelation data by
(Cr1 X Cr2 X Wpin X tins ), where Cg; and Cg; are the photon count rates on APD1 and APD2,
Wpin and t;,,; are the data bin-width and integration time of the experiment. In Fig. 5.3(a) the
g? (7) function is plotted for a relatively low green power, Pg, of 0.36 mW and decreases
to ~0.25 at zero time delay, unambiguously confirming the antibunching in the emission.
The calculated (this calculation with the theoretical 3 level model will be discussed later)
g(z)(’c) goes to zero at zero time delay and therefore deviates from the experimental data.
However, it is well known that the value of g(?) (0) is limited by the timing resolution of the
setup. In our case, the measured instrument response function (IRF) is well fit by a Gaussian
function with FWHM of 905 ps. A convolution of the calculated g(?) (1) and the Gaussian
IRF is plotted in In Fig. 5.3(a) showing improved agreement with the experimental data.

In the presence of bunching (reason for the bunching behaviour will be discussed later, in
model section, and is not relevant at this point) the criterion for single photon emission is
modified and the g% (0) threshold becomes half of the maximum bunched amplitude [16].
This is the case for high green power (P =4.3 mW), as shown for defect-B in Fig. 5.3(e),
where the maximum bunching reaches ~3.28, but g(?)(0) ~1.2, again satisfying the criterion
for single photon emission.

Similar measurements are made for defect-A. In this case only green excitation is used
and there is considerable bunching, even at low green power, P; =0.36 mW (Fig. 5.3(a)). In
this case the experimental data dips to g(?) (0) ~0.5, considerably below half the maximum
bunching, again confirming single photon emission. When the green power is increased

beyond saturation, to P; =4.3 mW, the bunching increases, the radiative lifetime is reduced
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Fig. 5.2 (a) and (b) Spatial maps of integrated photoluminescence emission (spectral range
from 2.06 to 2.15 eV) under (a) green(532 nm, 2.33 eV) only and (b) green plus blue (450 nm,
2.76 eV) excitation. The scale marker in (a) and (b) is Sum. (c) and (d) Photoluminescence
spectra recorded under green, blue and green plus blue excitation conditions for the two
defects circled in the PL maps, (c) defect-A and (d) defect-B. The green and blue excitation
powers are ~ 700uW. (e) and (f) Green laser power dependent intensity of the zero phonon
line PL emission for (e) defect-A and (f) defect-B, with (blue circles) and without (green
squares) the blue repump laser. In (c) to (f) the PL intensity is normalized to the peak counts
of defect-A. In (e) and (f) the blue power is ~ 700uW.
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Fig. 5.3 Second order autocorrelation function g(z) (1) of defects A and B. (a) and (b) CW
g? (1) for defect-A with (a) green laser power of 0.36mW and (b) green power of 4.3 mW.
In (a) and (b) the cyan (red) lines show fits to a 3-level model with (without) convolution of a
Gaussian instrument response function with FWHM of 905 ps. The dashed green lines show
the threshold for single photon emission. (c) Pulsed g? (7) for defect-A with green peak
power of ~5 mW. (d) and (e) CW g(z) (7) for defect-B with (d) green laser of 0.36 mW and
blue power of 0.5 mW and (e) green power of 4.3 mW and blue power of 0.5 mW. In (d) and
(e) the blue (red) lines show the calculated g(z) (7) function with (without) convolution of a
Gaussian instrument response function with FWHM of 905 ps. The dashed green lines show

the threshold for single photon emission.
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Fig. 5.4 Time-resolved photoluminescence decay of the zero-phonon line of (a) defect-A and

(b) defect-B. The red solid line shows exponential fits to the data with decay rates of 600
MHz and 380 MHz for defects-A and -B, respectively.

and the experimental g (0) no longer dips below half the maximum bunching amplitude
(Fig. 5.3(b). However, this is due to the limited timing resolution of our setup, combined
with the considerably faster radiative decay of 1.67ns for defect-A compared to 2.63 ns
for defect-B (Fig. 5.4). This is highlighted by the good agreement shown between the
experimental data and the ideal 3-level behaviour convolved with the Gaussian IRF (Fig.
5.3(b)). As a final proof that we are measuring the emission from a single defect, even at
these high excitation powers, we perform a pulsed g? (7) measurement with a laser power
above saturation (peak green power ~5 mW), shown in Fig. 5.3(c). In this case, the criterion
for single photon emission is clearly satisfied, with the area of the zero time delay peak 0.07

when normalized to the mean area of the six other peaks shown.

5.3.2 Behaviour under different illumination conditions

Further detail is shown in the PL spectra of the two defects under different illumination con-
ditions (Fig. 5.2(c) and (d)). Under green excitation the spectrum of defect-A, in Fig. 5.2(c),
consists of a bright ZPL at 2.167 eV, with optical and acoustic phonon sidebands (PSB) that
are consistent with previous reports [17, 11, 18]. Addition of the blue laser, results in a small
enhancement of the overall PL intensity. With blue excitation alone, the ZPL intensity is
reduced by a factor of ~20, for the same excitation power. A comparison of the green laser
power dependence of the ZPL of defect-A is made in Fig. 5.2(e), with and without the blue

laser. The presence of the blue laser increases the PL intensity at all powers of the green
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laser, including those beyond saturation, indicating that the blue laser is not just providing
extra power, but increasing the PL yield of the defect.

In the case of defect-B, the choice of excitation conditions plays a much greater role.
The PL spectrum, shown in Fig. 5.2(d), is similar to that of defect-A, with a single ZPL
at 2.107 eV and similar optical and acoustic PSBs. However, this is only the case for
simultaneous excitation with blue and green lasers. With only blue excitation, the ZPL
intensity is reduced by a factor of ~20, whereas for only green excitation the intensity is
reduced by a factor of ~400. The power dependence (Fig. 5.2(f)) shows that even with
a green laser power up to several mW the PL yield is still hundreds of times less intense

without the blue laser.

5.4 Time Resolved PL. Measurements

To further investigate this behavior, we use time-resolved photoluminescence to study the
dynamics of defect-B. Fig. 5.5(a) illustrates the experiment, where a pulse train of alternating
blue and green pulses excite the defect, whilst the PL from the ZPL is directed to an APD.
Fig. 5.5(b) plots a typical PL time trace recorded during this experiment, with and without
the blue laser. With no blue laser pulses, the photoluminescence from the defect is weak and
directly follows the intensity profile of the green laser. We term this the dark state of the
defect.

When the blue laser pulses are applied, weak PL is observed for the duration of the
pulse. However, the blue pulse also prepares the defect in a bright state, resulting in a strong
PL signal at the start of the following green pulse. The initial peak PL increases linearly
with blue power, and saturates at a few uW of the blue pump power (Fig. 5.5(g)). Under
green illumination, the bright state lives for tens of ts. The PL decays exponentially with a
decay-rate that is quadratic with green laser power, indicating that the bright to dark transition
is mediated by a two-photon process (Fig.5.5(f)).

5.4.1 Rate equation model

For qualitative understanding, we construct a simple rate equation model motivated by the
experimental observations and illustrated in Fig. 5.7(c). The model consists of four energy
levels: G and E are the ground and excited levels of the bright state; S represents the dark
shelving state of the defect; and C the conduction band or some higher energy levels of

the system. I'g is the radiative decay of the bright state and I'cg, and I'cg are non-radiative
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Fig. 5.5 Time-resolved photoluminescence measurements of the zero-phonon line of defect-B.
(a) Pulse-sequence used to excite photoluminescence. A blue pulse (450 nm, 2.76 eV) of
width 0.5ms is followed by a green pulse (532 nm, 2.33 eV) of 2.5ms, with a repetition
frequency of 208 Hz. (b) Example PL intensity time trace. Without the blue pulse, the green
laser excites low intensity emission. The blue pulse weakly excites PL, but also prepares the
defect in the bright state. The subsequent arrival of a green pulse results in high intensity
PL, which rapidly decays, indicating the defect is pumped into the dark state. (c) and (d) PL
decay curves resulting from the onset of a green pulse for different (c) blue pump powers
(fixed green power of 2.2 mW) and (d) green pump powers (fixed blue power of 10.5 uW).
(e) and (f) Exponential decay rate as a function of (e) blue and (f) green pump power. (g)
and (h) Peak ZPL intensity from the green laser pulse as a function of (g) blue and (h)
green laser power. The red lines in (d) to (h) are calculated using the rate equation model
(see Fig. 5.7(c), Table. 5.1).The grey line in (f) is a fit to the data assuming a 1-photon
bright-to-dark transition from G to C. The black line in (g) is a fit to the data assuming a
2-photon dark-to-bright transition from S to C.
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transitions which link the dark and bright states. For each transition there is a corresponding
optical pump: Fp is the bright state pump rate, Fy is the rate at which electrons are pumped
out of the bright excited state and Fp is the rate at which the colour centre is pumped out of
the shelving state. The resulting system of four differential equations is solved numerically
to calculate the photoluminescence, <ET'g

The model described by the following differential equations:

dG
— =TRE —F3G 5.1
o R B (5.1
dE
E =FgG+1TcgC—TRE —FLE (5.2)
dcC
I =FE+RRS—T'cgC—T¢csC (5.3)
ds
E - FCSC— FRS (54)

which are solved numerically to calculate the photoluminescence intensity, / o< ['gE.

The radiative lifetime, I'g is extracted from a time-resolved photoluminescence measure-
ment and found to be 380 MHz [see Fig. 5.4(b)].

To further validate the chosen model (model 1, Fig. 5.7(c)), we also compare the
experimental data to two variations of the model, illustrated in Fig. 5.6. This allows us to
determine that a model with a 2-photon bright-to-dark and 1-photon dark-to-bright process
best describes the experimental data (See next section).

In model 2, shown in Fig. 5.6(a), the dark-to-bright process is mediated by the pump, F7,
which in this case is directly from G to S. This results in a 1-photon bright-to-dark process,
as opposed to the 2-photon process in model 1.

In the case of model 3, shown in Fig. 5.6(b), the bright-to-dark pump, Fj, is proportional
to the power squared, rather than linear with power, as is the case with model 1. This allows

a comparison of a 2-photon versus 1-photon repump process.

5.4.2 Comparing results with the model

The model is compared to the data in Fig. 5.5 (e) to (h), and shows good agreement with
the main experimental observations. Firstly, the rate of the dark to bright process, plotted in
Fig. 5.5(f), has an exponent close to 2. Model 1, which has a two-step (two-photon) bright

to dark transition, reproduces the data well (red-line), whereas a fit assuming a one-photon
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Fig. 5.6 Alternative rate equation models (a) In model 2 there is a direct optical pump from
G to C, rather than a two-step pump via E. (b) In model 3 the repump from S to C is a
two-photon process.

pump directly from G to C (gray-line) with model 2 does not, showing a clear preference
for two-step pumping from the excited bright-state.Secondly, Fig. 5.5(g) plots the peak PL
at the beginning of the green pulse as a function of the average power of the blue laser, Pg.
At low powers, the exponent is 1, indicating a one-photon repump process that requires
an energy >2.33 eV (green), but <2.76 eV (blue). Fits assuming model 1, a one-photon
(Fg o< Pp, red-line) and model 3, two-photon (Fg o< Pg, black-line) pump from S to C are
compared to data, and verify that the model 1 performs best.

Moreover, the peak intensity at the start of the green laser pulse is proportional to the
probability that the preceding blue pulse has prepared the colour centre in the bright state.
As this is approximately linear with the blue power it indicates a 1-photon dark-to-bright
repumping process and therefore better agreement is found for model 1 than model 3.

Similar dynamics have been observed for germanium vacancies in diamond, where
resonant excitation results in a two-step pumping of the system to a dark state, whilst a laser
of higher energy recovers the system to a bright state with a one-photon process [5]. The
non-radiative decay and pump rates are determined from a best fit to the experimental data

with model 1 and are given in Table 5.1.
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Fig. 5.7 Second order autocorrelation function g(z) (7) of defect-B with (a) fixed blue (450 nm,
2.76 eV) power of 0.5 mW and varying green (532 nm, 2.33 eV) power and (b) fixed green
power of 4.3 mW and varying blue power. The red lines show fits to the data using the model
outlined in the text. (c) Rate equation model of 2-photon photoionization and 1-photon
recharging.

5.4.3 Verifying correct model with ¢(?)(7) data

To further verify model 1, g(®(7) measurements of defect-B are made for different blue and
green excitation powers. In Fig. 5.7(a), g? (7) is plotted for fixed blue power of 0.36 mW
and three different green powers. For low green power g(2) (1) is close to that expected for
a two-level emitter. However, increasing the green power leads to pronounced bunching
with an exponential decay on the order of microseconds. Similar bunching behavior has
been observed previously for colour centres in hBN [19, 20] and other wide bandgap semi-
conductors [21, 22] and attributed to the presence of metastable dark states. In Fig. 5.7(b),
g? (7) is plotted for fixed green power of 4.3mW and three different blue powers. When
the blue power is low, the bunching is strong, but increasing the blue power counteracts the
tendency of the green laser to pump the defect into the dark state and g(z)(r) close to the
2-level case is recovered. Again, similar observations have been made for the repumping
of a colour centre in hBN, but with different emission and pump energies [12]. The g (1)
function is calculated from the rate equation model with the Quantum Toolkit in Python pack-
age [23, 24](QuTiP, www.qutip.org) and convolved with the instrument response function of
the photon counting setup. The calculation with QuTip was performed by group member and
co-author of [14], Dr. Ralph N. E. Malein. Further information about QuTiP calculation can
be found in the S.I section of [14]. By keeping the radiative and non-radiative transition rates
constant and varying the pump rates in proportion to the experimental powers (see Table 5.1),
good fits to the data could be found, as plotted in Fig. 5.7(a) and (b).
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Transition Rate (MHz)

Tk 380+1.0

Tce 5.0+0.4

Tcs 2.75+0.08

Fp (246.6 0.3)P; + (63.0+£0.4) P
F (6.940.3) x 107*Fp

F (0.3040.05)Pp

Table 5.1 Rate equation model parameters. The radiative decay rate, I'g, is extracted from a
fit to time resolved PL data from Fig.5.4. All other rates are extracted from fits to g(?) (1), as
shown in Fig. 5.7. P; and Pp are the power (in mW) of the green (532 nm) and blue (450 nm)
lasers used in the experiments.

5.5 Measuring Energy Thresholds

From the two-colour experiments it is clear that the photon energy of the excitation laser
determines if the colour centre is bright or dark. We therefore perform PLE spectroscopy,
to investigate how the optical pumping depends on photon energy. We first measure the
energy threshold of the repump process for defect-A. The PLE spectrum is measured with
and without the addition of the blue CW laser, as plotted in Fig. 5.8(a), whilst recording the
intensity of the PSB emission. The energy threshold is measured as 2.25 eV by exciting the
defect resonantly, whilst simultaneously sweeping the repump laser, as shown in Fig. 5.8(a).
To understand why defect-B is dark under green only illumination but bright under green
and blue excitation, a similar measurement is made. In Fig. 5.8(b), defect-B is excited by
both the green CW laser and the tunable laser and reveals a clear energy threshold for the
repump process, of ~2.6 eV. Although the ZPL Energy of defect-A and B differs by only
~50m eV, the repump threshold differs by ~350m eV. Nevertheless, the PLE measurements
suggest that the two defects can be described by the same model, but with different energy

dependence of the repump rate, Fg.

5.6 Observing high energy level (ZPL,) via PLE

The PLE measurements also reveal further information about these defects. In Fig. 5.8(c), the
PLE spectrum of defect-A is measured, for excitation polarization parallel and perpendicular
to the ZPL emission (ZPL1). When the polarization is parallel to ZPL1, absorption resonances
are observed in two bands detuned by ~170 meV and ~340 meV, which can be attributed to

the one and two optical PSBs, respectively. With orthogonal polarization the PLE spectrum
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Fig. 5.8 Photoluminescence Excitation (PLE) Spectroscopy. In all experiments, a tunable
pulsed laser is swept across the plotted range, with the integrated intensity of the one phonon
sideband (a), or zero phonon line (b - d) plotted for each point. (a) PLE spectra of defect-
A with (blue circles) and without (black squares) blue CW laser co-excitation and with
resonant co-excitation of ZPL| (2.167 eV, orange triangles). (b) PLE spectrum of defect-B
with fixed green CW laser co-excitation (green squares) (c¢) and (d) PLE spectra with blue
CW co-excitation for PLE laser polarization parallel (black squares) and perpendicular
(red circles) to the emission from ZPL, for (c¢) defect-A and (d) defect-B. The inset to (c¢)
shows a polar plot of the intensity of the one phonon sideband of defect-A as a function of
the excitation polarization angle when resonant with ZPL; (2.167 eV, black squares) and
ZPL, (2.556 eV, red circles). (c) Inset- The black and red solid lines show sin? 6 fits to the
absorption polarisation data for dipoles of ZPL; and ZPL;. In (a) - (d) the green and blue
dashed lines indicate the energy of the green (532 nm, 2.33 ¢V) and blue (450 nm, 2.76 eV)
CW lasers, respectively.
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is very different, with only weak absorption into the PSB, but with a strong and spectrally
narrow absorption resonance detuned from ZPL; by 400 meV, evidencing a higher energy
level in the electronic structure of the colour centre, labelled ZPL; in Fig. 5.8(c). The PLE
spectrum is similar to that of ZPL;, including a PSB detuned by ~170 meV. Furthermore,
the polar plot in Fig. 5.8(c) shows that the two ZPLs are orthogonally polarised, with an 89°
misalignment of the absorption dipoles of ZPL and ZPL,.

A similar PLE measurement of defect-B is presented in Fig. 5.8(d), where low power
blue excitation is used to maintain the colour centre in its bright state. As with defect-A,
when the polarization of the tunable laser is aligned parallel to the ZPL, absorption peaks
corresponding to phonon assisted processes are observed. In this case, the relative efficiency
of the two PSB is greater than for defect-A and the three PSB is also observed. For the
orthogonal polarization the absorption is considerably less efficient at all energies, but there
is a weak absorption peak at ~2.51 eV, labelled ZPLp, in Fig. 5.8(d). The detuning of this

absorption peak is 403 meV, suggesting a similar origin as in defect-A.

5.6.1 Measurements to confirm ZPL,

Fig. 5.9 summarises some additional measurements of defect-A. Fig. 5.9(a) shows the
polarization dependence of the emission and resonant absorption of ZPL;, which are co-
aligned. The PL spectrum of defect-A is shown in Fig. 5.9(b) under blue CW illumination
and compared to the PLE spectrum. Although the absorption resonance is clearly observed
when detecting at the energy of ZPL;, there is no PL emission at the energy of ZPL, when
exciting with the blue laser.

Finally, the PLE data presented in Fig.5.8(c) is replotted in Fig. 5.9(c) and (d) as
the polarization angle, ¢ = tan~'(I, /I;) and polarization contrast, C = (I —1.)/(Ij+1.)
respectively, where I 1) is the intensity of ZPL; emission for parallel (perpendicular)
excitation polarization. A clear energy dependence can be seen in the alignment of emission
and absorption dipoles. When the excitation energy is less (greater) than ZPL, (2.556 eV),
the emission and absorption dipoles are approximately parallel (perpendicular).

These observations explain previous measurements where, depending on the detuning
of the laser energy from the ZPL, the absorption and emission dipoles can be aligned or
misaligned by up to 90° [25, 26].
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Fig. 5.9 Photoluminescence and Photoluminescence Excitation Spectroscopy of Defect-A. (a)
Polar plot of collection polarization angle (grey) and resonant excitation polarization angle
(black squares). The grey and black solid lines show sin? 6 fits to the data. (b) Comparison
of PLE (red) and PL spectrum under blue CW excitation (blue). (c) Excitation polarization
angle of maximum absorption and (d) Polarization Contrast as a function of PLE Energy.
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Fig. 5.10 (a) Example PLE spectra of four additional defects. (b) Energy of ZPL, absorption
resonances as a function of ZPL| emission energy.

5.6.2 More examples of ZPL;

The observation of a second zero phonon line in PLE measurements is a common occurrence.
Out of 16 defects measured, 11 were found to show narrow absorption resonances at higher
energy and polarized parallel to the ZPL emission. Example PLE spectra are shown for four
such defects in Fig. 5.10(a). Fig. 5.10(b) plots the energy of ZPL; as a function of ZPL, for
the 11 defects that display this behavior.

5.7 Possible Identity of the Defect

Regarding the possible identity of the colour centres studied in this work, we compare the
observations to Density Functional Theory (DFT) calculations in the literature. The defects
have two in-plane polarized ZPL transitions with orthogonal polarization. Whilst several
defect species (e.g. Boron dangling bond [27]) have transitions similar to 2 eV, most are
out-of-plane polarized and have an orbital degeneracy of one. A possible candidate is the 3A/2
< 3E' transition of the negatively charged boron vacancy, Vy . The upper energy level has
two orbital states, and a symmetry breaking would result in two orthogonal linearly-polarized
transitions at energy of 2.1-2.3 eV [28, 29]. We could not find any calculations of the
expected splitting, that we measure to be ~0.4 eV, which seems large. Furthermore, the
neutral boron vacancy V), is predicted to have no optically active transitions below 3.5 eV
[30, 31], and the charge transition level for the neutral to negative state of the boron vacancy

has been calculated (with reference to the valance band maxima) 1.5 eV [32], and 2.1 eV [33]
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for bulk hBN, and 2.4 eV [29] for a monolayer. This is in reasonable agreement with our
model of photoionization and recharging. With sufficient energy a photon from the repump
laser can convert the dark Vg into the bright V;~ by promoting an electron from the valence
band, whereas two photons are required to remove an electron to the conduction band and
convert V5 to Vg. The ~350 meV variation in the charging threshold could result from local
variations, for example, from strain, the number of layers of the flake that hosts the defect,
[34] or interaction with the substrate [35].

Very recent experimental work has provided strong evidence for the role of carbon in
colour centres emitting around 2 eV and the CgVy (carbon substituted for a boron with
an associated nitrogen vacancy) is proposed as a likely candidate defect [36]. There is
considerable uncertainty in the published theoretical work for the CgVy [37]. However,
several predictions are consistent with our data. The neutral charge state is predicted to be
in-plane polarized [38] with an energy of between 1.6 and 2.3 eV [39, 40]. And the threshold
for the positive to neutral charge state transition has been predicted to be 2.5-3.25 eV [38],
close to the experimentally measured repump threshold of 2.2-2.6 eV.

Amongst the published theory, evidence can be found to suggest that our experimental
results could originate from either the boron vacancy or CgVy defects. However, further work

is required before any definitive assignment of the defect species can be made.

5.8 Discussion

The simple model describes the data well and we propose the following interpretation in
terms of charge state conversion. The green laser efficiently excites the defect from the
ground (G) to excited state (E). A second green photon can further excite the electron into the
conduction band, C. From C, the electron can be recaptured recharging the colour centre into
the bright state; or the electron is lost or trapped by another nearby charge trap, shelving the
colour centre in a dark charge state, S. In this picture, the bright state is negatively charged
with respect to the dark state. A similar process involving the valence band is also compatible
with the data. A similar two-photon ionization process is responsible for photo-switching
from the negative to neutral charge state of NV-centres in diamond [1-3] and out of the
neutral state of the divacancy in SiC [7, 6]. In the case of N'V-centres, a two-photon process
is also responsible for repumping. However, in our measurements we find that the repump
process is one-photon, assuming the photon energy is sufficiently large to overcome the
photo-charging threshold of, 2.25 eV and 2.6 eV for defects A and B, respectively.The sharp,

step-like, transition repumping spectra (Fig.5.8(a) and (b)) indicate a repumping transition
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between a discrete energy level and a continuum of states, i.e. the conduction or valence
band, thus confirming this photocharging picture [6—8]. There are two possible mechanisms
underlying the charging process. The first is that the measured threshold corresponds directly
to the charge transfer threshold of the colour centre itself, and we see reasonable agreement
to calculations for the boron vacancy [29, 33, 32] (1.5 to 2.4 eV) and CpVy [32, 38] (2.5
to 3.25 eV) defects. The second explanation is that the repumping threshold represents the
charging threshold of a nearby trap state, or states, resulting in free carriers that can then be
captured by the colour centre. We note that many defect species have charging thresholds in
this region [33, 32]. We further note that in other materials, including silicon vacancies in
diamond [4] and SiC [41], the divacancy in 4H-SiC [8, 6], and InGaAs quantum dots [9],
nearby defects play a crucial role in the stabilization of the charge state of the target emitter.

Measurements of colour centres in diamond again provide some clues as to the origin of
ZPL,. In the photocharging cycle of NV centres, resonant excitation both at the ZPL energy
of NV? and at a higher energy level of the NV —, results in an increase in the PL yield from
NV~ [2]. In SiV~ a higher energy level with perpendicular polarization was identified, but
was not observed in PL due to selection rules of the energy levels [42]. Further work is
required to confirm the origin of the transition reported here, but coupled with the measured
energy threshold for repumping, it provides key extra information for the identification of
the defect species. When compared to theoretical predictions [27-29, 31, 33, 32, 34, 35] and
other experimental work [30, 36] our results suggest that the defects studied here could be

boron vacancies or related to carbon impurities.

5.9 Conclusion

In conclusion, illuminating a colour-centre in hBN on, or near, resonance can drive it into
a dark state. Applying a second laser, with a photon energy exceeding a defect specific
threshold, repumps the colour centre back to the bright state. Phenomenologically, the
dynamics can be understood in terms of photoswitching between two different charge states
of the same defect, as is the case for colour centres in diamond and SiC [7, 6, 8]. Furthermore,
PLE spectroscopy reveals a sharp absorption resonance, at approximately 400 meV higher
energy than the ZPL. These results are of practical use for enhancing the PL yields in both
future devices and experimental studies, particularly under resonant excitation [43] and can

play an important role in the identification of colour centres in hBN.
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Chapter 6

STED Spectroscopy

6.1 Introduction

As discussed in chapters 4 and 5, an open question in the field of hBN SPE is the identity
of the emitters. The issue is complicated by numerous candidate defects with similar zero-
phonon line (ZPL) energies. Techniques such as PSB analysis [1-4], as we used in chapter
4, time resolved PL. measurements like in chapter 5 and ODMR [5, 6] are used to study the
spectroscopic signatures to comment on emiter identity.

For emitters around 2.0-2.2 eV, the strongest case to date has been made for a carbon-
related defect [7]. Calculations about defect symmetry and allowed transitions have been
made to comment on the nature of the emitter [8, 2, 9-13, 1, 6, 14]. Experimentally, it
is difficult to observe all the calculated transitions in a defect because of reasons like-
photocharging, different polarization axis and local strain effects. The confidence in the
origin of a defect depends on number of absorption and emission peaks agree with the
calculated transitions of that defect. In this chapter we comment on the origins based on
the transitions observed in studied emitters and similar emitters from chapter 5. We have
demonstrated how PLE can be used to probe the vibronic modes in an excited state. Here,
we study a complementary technique to PLE called stimulated emission depletion (STED)
for probing vibronic modes in the ground state.

Fig. 6.1 illustrates the principle behind STED by comparison to photoluminescence
excitation (PLE). In PLE, the system is driven by a laser at a higher energy than the ZPL,
and the ZPL is collected. By tuning the excitation laser, the vibronic spectrum of the excited
state can be measured. Conversely, in STED, the system is pumped into the excited state
via a resonant excitation and the ZPL is collected. Along with excitation, the system is

also probed using a laser at a lower energy than the ZPL (red arrow). As this probe laser
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is tuned, stimulated emission via phonon-assisted transitions depletes the population of the
excited state, reducing the intensity of the ZPL. The PL signal against probe laser energy
shows the vibronic spectrum of the ground state, where dips in the PL signal correspond to
phonon resonances. The STED spectrum replicates the PL spectrum, but as STED resonantly
probes a specific transition, the spectral selectivity reduces extraneous signals and peaks
from adjacent defects or impurities.

If we know for certain that the emission is coming from a single source i.e a single hBN
emitter then, theoretically STED and PL profile should be the same because they are probing
the same energy levels. In reality, during measurements, a significant portion of photons
collected in emission are from a single emitter source but a minor, not negligible, proportion
comes from nearby impurities or closely lying defects. This sometimes result in peaks in
PSB, which at first instance seems like coupling with a phonon mode but in reality do not
belong to the same source. STED is a powerful technique which only probes the ground state
of a single emitter and helps in identifying these anomalies.

The most common applications of STED technique are - STED microscopy, which was
developed for super-resolution imaging [15—17] (see also chapter 7) and sub-resolution limit
photolithography [18-20], and to achieve lasing in NV centres in diamond[21]. Here we
apply STED as a spectroscopic probe, in combination with the complementary techniques
of PL and PLE, to investigate the electron-phonon interaction of colour centres in hBN and
comment on the origins of the emitter.

This work has been published and is here adapted from ACS Photonics, 8, 4, 10071012
(2021) Copyright 2021 The Authors. Published by American Chemical Society. For this
work, my contributions were- numerical simulation to fit the data, doing measurement
remotely (due to covid restrictions) and making LabVIEW programs for automation, inputs
for the paper and contribution towards plotting the figures. This paper was written and
submitted by Dr. Ralph Malein.

6.2 Sample Preparation and Experimental Setup

The sample for this experiment was exactly the same as the one used for photocharging ex-
periments (See Chapter 5, section 5.2). Fig. 6.2 shows a schematic of the STED experimental
set-up. A green DPSS laser (532 nm) is used for resonant excitation and SCL (repetition rate
of 78 MHz and pulsewidth of a few ps) is fibre-coupled to an AOTF (430 to 700 nm and a
bandwidth of ~ 1-2 nm) to provide a tunable energy for depletion. The lasers are collimated

and co-aligned and then coupled to a long working distance objective lens, with numerical
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Fig. 6.1 Franck-Condon energy diagram comparing PL, PLE, and STED techniques. In PL,
the non-resonant excitation (green) populates the excited state and emission from the ZPL
(yellow) and PSB (red) is collected. In PLE, the excitation probes the excited vibronic states
and the ZPL is collected. In STED, the non-resonant excitation is again used, and the STED
pulses (red) deplete the excited state through stimulated emission into the ground vibronic
states, reducing the ZPL intensity. Grey dashed arrows show fast relaxation from higher
vibronic states.

aperture of 0.8, which focuses the light to a diffraction-limited spot < 1um in diameter. The
green laser is triggered by a voltage pulse from the SCL, which has a tunable delay, enabling
control of the relative arrival time of excitation and depletion pulses. Light emitted from
the samples is collected into the same objective and coupled into a spectrometer and CCD
for spectral measurements, or through a series of tuneable long- and short-pass filters for
efficient wavelength selection (band pass), then to a single photon avalanche diode (SPAD)
to perform photon counting and time-resolved fluorescence measurements via a time-tagging
module.

For PLE measurements, the same setup is used and the technique is explained in chapter
5, section. 5.2. To stabilize the PL from the emitter, a weak 450 nm blue CW-laser is also
used based on the results in chapter 5 that blue laser keeps the emitter bright by pumping the
defect back into the bright state.

In Fig. 6.3, the PL spectrum of emitter-A in hBN is plotted in grey, along with PLE (blue)
and STED (red) spectra. To a first approximation, the PLE spectrum is the mirror image of
the PL spectrum around the ZPL energy, where PL. (PLE) probes the emission (absorption)
spectrum. However, in a system such as hBN, the PL spectrum can be contaminated by
light from other nearby emitters. Applying STED by scanning a red-detuned laser shows

resonances at the PSB but eliminates stray emission from other emitters.
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Fig. 6.2 Diagram of the experimental set-up. DBS = dichroic beam-splitter; SCL = super-
continuum laser; APD = avalanche photodiode; TCSPC = time-correlated single photon
counting electronics. Note that a band pass before APD is made using a series of tuneable
long- and short-pass filters.

\T 1.0
0.8
=
c ] S
o 01 L0635
7] [=3
@ S
£ 104 &
w o1 <
o FY
PLE oo 0.2
Pl th
e Ao
0.0M N N N N L N B o akimtua L Mﬂﬁ:m_"" 00
1.95 2.00 2.05 210 2.15 2.20 2.25 2.30 2.35 2.40

Energy (eV)

Fig. 6.3 Representative PL (grey), PLE (blue) and STED (red) spectrum from emitter-A
with ZPL at ~2.17 eV, emission OPSB between 1.97 and 2.03 eV and absorption OSPB
between 2.32 and 2.38 eV.
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6.3 STED Measurements

To perform STED, time-resolved PL is recorded from the ZPL of emitter-A shown in Fig. 6.4.
Following non-resonant excitation with a 532 nm PL-pulse, the emission decays exponentially
with radiative lifetime of 3.58 ns, which is typical for hBN colour centres [22, 23] . If the
STED pulse, resonant with the PSB at ~ 2.02 eV, arrives before the excitation pulse, the
PL is not affected (see black trace in Fig. 6.4(b)). However, if the STED pulse arrives after
the excitation pulse, the PL is switched-off on the time-scale of the laser pulse (red trace in
Fig. 6.4(b)). The STED pulse stimulates phonon-assisted emission, depleting the excited
state, and suppressing the PL from the ZPL.

The gating of the ZPL PL spectra by the STED pulse is further illustrated in Fig. 6.4(c),
where time-resolved PL spectra from emitter-A are shown for five different values of STED
pulse delay time, 7. In Fig. 6.4(d) the time-averaged PL is plotted against delay time. With
negative T, the PL intensity is constant and sharply falls as the pulses overlap, recovering
slowly as the STED pulse is moved through the radiative decay tail.

This provides a method of performing STED measurements without varying the SCL
laser energy or switching lasers on and off, which can affect the power of the lasers and thus

the reliability of measurements:

* “STED on” - Depletion pulse set to arrive 100 ps after the excitation pulse, switching
the PL off.

* “STED off” - Depletion pulse set to arrive 100 ps before the excitation pulse, leaving
the PL on.

The STED on:off ratio (also known as the inhibition ratio, in the terminology of STED
microscopy) is then recorded as the ratio between the STED on and off PL intensities. A
power sweep was performed, varying SCL power (Fig. 6.4(e)). Increasing SCL power
decreases the STED ratio down to an apparent saturation at about 0.12 showing that STED

can not completely switch off the ZPL and available STED power is not a limiting factor.

6.3.1 STED model

To verify that STED is responsible for the experimental observations in Fig. 6.4 , we compare
the results to a simple three-level rate equation model based on the level schematic in Fig.
6.5. G and E are the ground and excited state of the radiative transition respectively; M is the

intermediary vibronic level, lying above the ground state by the phonon mode energy.



126 STED Spectroscopy

«———>——> 01
(a) s 0.01
STED pulse

0.001
1

o©
=

0.01
0.001F
1

-

001y .
0.001¢7 7
1

o
=

0.1
001} .
0.001 [~

1

Normalized ZPL Intensity
o

o
o
=

0.1

0.01} .

4 2 0 2 4 6 8 10 12 14 16
Time (ns)

Normalized ZPL Intensity

Tl

2
Tt

0.001

N
o

1.0

o
©
o
[
T

o

o
o
o

o
D
STED on:off

o
'S
T

o
N

02}

Normalized ZPL Intensity

(d)
-400 -200 0 200 400 0.001 0.01 0.1 1
STED Delay (ps) Power (mW)

(e)

1 1 1 L L 0.0 L L L L

o
o

Fig. 6.4 (a): Schematic of arrival times of excitation PL pulse and STED pulse, with delay
T; between them. (b): Time-resolved ZPL-PL of emitter-A with positive (red) and negative
(black) 75. The STED pulse switches off the emission (¢): Time resolved PL of emitter-A at
five different values of 7y, showing rapid depletion at arrival time of STED pulse. (d): Plot of
time-averaged ZPL-PL intensity with varying 7,. Moving the STED pulse through the PL
pulse results in significant quenching of the PL signal that recovers as 7; is increased. (e):
Sweep of STED ratio with varying time-averaged power of the STED laser.
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Fig. 6.5 Level schematic of three-level system with rate parameters labelled.

The excitation pulse (Pgg) is modelled as a single pump rate encompassing excitation
from G to a vibronic state above E followed by rapid relaxation to E, whereas the STED pulse
is a pump from E to M (Pgyr). It is assumed that the non-radiative relaxation from M to G
(I'me) 1s fast compared to the other transitions. For time-resolved simulations, the excitation
and STED pulses are modelled as Gaussian, and the simulated traces are then convolved
with the IRF (Gaussian with 800 ps FWHM) of the APD to better fit to the measurement
resolution. The ZPL intensity is then proportional to the population in £ multiplied by
the radiative decay rate I'gg. A phonon-mediated spontaneous emission rate I'gj; is also

included to model spontaneous emission via the PSB. The rate equations are:

G= I'egE +1TycM — PG
E =PseG— (Teg+ Pes +Tem) E
M= —(E+G)

All simulations show good agreement with experimental data, with consistent model
parameters (see Table 6.1): fitting to the time-resolved PL traces in Fig. 6.4(c) (red curve)
gives values of the radiative decays and allows accurate determination of the true pulse
widths of the 532 nm laser and SCL pulses; fitting the STED pulse delay (Fig. 6.4(d), red
curve) and power sweep (Fig. 6.4(e), red curve) shows that the saturation is due to the short
delay between excitation and STED pulses which allows a small degree of PL to be emitted
before depletion of E. This means that it is difficult to completely switch off the emitter with

STED and we will use this important result in next chapter for STED microscopy, where a
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gated technique is used to discard the initial PL and photons are counted only after the action
of STED.

Note that in Table 6.1, the transition rates Pgys >> Pgg which suggest that STED pulse is
highly efficient in depleting the excited state via PSB because during experiment, the average

power of excitation laser > average power of the STED laser.

model parameter value
FEGa FEM 279.3 MHz
Ty 1 THz
PGE 8 GHz
Pgyy in delay sweep (Fig. 6.4(d)) | 1.29 THz
Excitation laser pulse width 50 ps
STED pulse width 2 ps

Table 6.1 Table of simulation parameters for 3-level model shown in Fig. 6.5.

6.4 Comparing STED, PL and PLE

A comparison of STED, PL and PLE spectra for the OPSB of emitter-A is made in Fig. 6.6
For comparison, the magnitude of the detuning from the ZPL is used, because as noted above,
PLE uses a laser detuned to higher energies, whereas STED uses a laser detuned to lower
energies. As reported previously[25-28], the shape of the PSB corresponds closely to the
phonon dispersion relation for bulk hBN (Fig. 6.6(a))[24, 29]. A detailed spectrum of the
PL (emission) optical sideband (OPSB) along with corresponding PLE (absorption) data
is shown in Fig. 6.6(b). The resolution of the PLE spectrum is limited by the bandwidth
of the SCL, and the PL shows sharper features. We note that the PL spectra has additional
peaks which are not present in PLE or STED. We attribute this to emission from other nearby
emitters that are weakly excited (see also section 6.4.2). Hence, we only compare the PLE
and STED spectra. The absorption (emission) PSB maps the coupling of the excited (ground)
state of the radiative transition to the single phonon vibronic states. For emitter-A (Fig. 6.6),
two main peaks are observed in both PLE and STED. The peak corresponding directly to the
maximum of the phonon density of states[27] appears in both PLE and STED at ~ 165 meV.
In STED, probing the phonon sideband of the ground state, the peak at 200 meV matches
the LO(E},,I") mode energy in bulk hBN.[24]. In PLE, probing the phonon sideband of
the excited state, the peak corresponding to the LO(E1,,I") phonon mode is red-shifted to
195 meV. To confirm this red shift of LO(E},,I") phonon mode only in PLE data, we did the
same PL, PLE and STED measurements on four other defects as shown in Fig. 6.7. The ZPL
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Fig. 6.6 (a): Calculated optical phonon dispersion for bulk hBN with LO(E},) mode high-
lighted. Taken from Serrano et al. [24] (b): Comparison of PL(grey), PLE (blue) and STED
(red) OPSB spectra of emitter-A, which has a ZPL energy of 2.170 eV. Red (blue) dashed
line shows position of the LO(E},,T") transition in STED (PLE).
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energies for the emitters are similar ~ 2.1 eV. Each one of them show LO(E},,I") phonon
mode peak at same energy for PL and STED but red shifted in PLE.

6.4.1 Analysing the red shift in LO(E;,,I") phonon mode

The red shift in LO(E},,I") phonon mode, in PLE, can only arise if there’s a shift in energy
levels once the emitter goes into excited state. To understand this shift we need to think about
the movement of layers in £y, and E», phonon modes. The LO(E},) mode is observed in
the PSB because the motion of adjacent planes of the crystal are in phase, resulting in an
in-plane electric field. For comparison, in the E>, mode at the I"-point, the adjacent planes
move out-of-phase, resulting in destructive interference [29]. This implies that when the
emitter is in the excited state, the lattice is distorted along a lattice coordinate with E,-like
symmetry (in-plane dipole x,y), softening the spring-constant due to the anharmonicity of
the bonds.

The distortion in the lattice can be estimated by assuming a softening of the spring
constant K of the phonon mode due to the distortion. For simplicity’s sake, we consider a 1D

diatomic chain whose dispersion is given by

2 4 k
o’ :K—mB+mN +,/K? <(m3—2|—n;N) - sin? (_a))
mpmy mgniy, mpmpy 2

where k is the phonon momentum, a is the lattice parameter, and mp y are the masses of the

two atoms. As the interaction take place at the I" point k = 0, the dispersion simplifies to

wzszB‘f’mNi\/Kz(mB‘f‘mN)z

2.2
mpmpy mBmN
mp +my

mpmpy

=0 or 2K

Thus in the optical branch, ®? o< K. While hBN is not a diatomic chain, considering units of
K, this proportionality holds for a 2D hexagonal lattice.

Considering Hooke’s law
9%V

K o<
d2q?

9=40
where V is the bond potential, g is the normal mode lattice coordinate and g is the equilibrium
lattice coordinate. Assuming a form of the potential similar to the Lennard-Jones potential,

where it is minimized at the equilibrium position, and expanding around the equilibrium, we
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Fig. 6.7 (a)-(d): Comparison of PL, PLE and STED spectra from four similar emitters with
ZPL energies of (a) 2.166 eV (b) 2.175 eV (c) 2.142 eV and (d) 2.171 eV. Each emitter shows
shift in 200 meV peak between absorption and emission. In (b) the peaks marked with x are
from another nearby emitter or impurity.



132 STED Spectroscopy

find that

0%V 1

32 Rl

dq a=q 90

SO

1

W o< —

q0

Thus, considering excited (ground) phonon mode energies hwg = 195+ 2 meV (hwg =
200 meV) and equilibrium positions gr (¢g) we can calculate the excited state lattice

equilibrium position as a percentage of the ground state equilibrium:

qe _ hog

g¢ hog
200
19542
=102.6+1%

Leading to an overall distortion of +2.6 + 1%. This result is important because the estimation
of lattice distortion can help in engineering hBN heterostructures, for example in moiré-like
superstructure [30-33], where lattice mismatch can affect the device performance. The
lattice constant of hBN/graphene differs by only 1.8% and at certain angle of rotation, a
hBN/graphene heterostructure forms moiré stripes, resulting in new electric properties and
changes to Fermi velocity, band gap etc [34, 35]. A 2.6% distortion in hBN lattice upon
excitation can distort these properties. Later in section 6.5, we use this result to support our

argument that the emitter under question can be a VgCy; defect.

6.4.2 Stray peaks in PL spectrum

An interesting example in Fig. 6.7 is case (b). The two intense peaks in OPSB marked
with * are present in PL but not in PLE and STED. In this section we perform PLE and
polarisation-resolved PL for all four peaks in the PL spectrum of case (b) to prove that PLE
and STED are true, impurity free mapping tools for excited and ground state vibronic levels
of an emitter.

Fig. 6.8 shows spectroscopic data of the ZPL and PSB peaks for the emitter in Fig. 6.7(b).
In Fig. 6.8(a), the STED and PL spectra for the PSB show good agreement for the features at
0.165 eV (Pg) and 0.20 eV (Pc), but the PL shows two more narrow peaks at 0.15 eV (Py)
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and 0.21ev (Pp), suggesting that these are not due to the emitter in question and linked to
the nearby emitters or impurities. This is supported by Fig. 6.8(b) which shows PLE spectra
obtained by placing a tunable filter on the peaks indicated (the PL spectrum from each peak
is fitted with a Gaussian function and the total area under the peak gives the value of each
data point in PLE spectra) and sweeping the excitation laser through the PSB. It is clear that
Pp and Pc show clear similarity to the PLE obtained form collecting the ZPL, whereas Pp
and Pp show markedly different PLE spectra. Further evidence is given in Fig. 6.8(c), which
shows polarisation-resolved PL for these peaks. While the gray (ZPL), blue (Pg) and green
(Pc) curves show very similar polarisation, the red curve (Pa) shows polarisation rotated
by 30° counterclockwise compared to the ZPL, and the purple curve (Pp) shows no strong
polarisation at all. From this data we can conclude that P4 and Pp, the peaks marked with
asterisks in Fig. 6.7(b), are not due to phonon-mediated transitions from the emitter being

measured, but are due to stray light from another source.

6.5 Tracing the emitter identity

We now compare our spectroscopy results to candidate emitters reported in the literature.
Recently, through a series of experiments that introduce carbon to the sample, Mendelson
et al [7] have demonstrated that there is a carbon related defect emitting at 2.10+0.04 eV
with sharp ZPL, in-plane linear polarization, and nanosecond-scale radiative lifetimes, which
matches our measurements. Through DFT calculations they determine that (1)*B; — (1)*A,
transition of the VgCy; line defects is the prime suspect. Fig. 6.9 shows a simplified energy
level diagram for the suspected VpCy, defect. It has an in-plane linearly-polarized optical
dipole perpendicular to the axis of the defect. Our observations are consistent with this
claim. In addition, in the previous work (Chapter 5, [14]) on a similar defect to emitter-A,
we observe a second ZPL peak in absorption orthogonally polarized to and ~ 0.5 0.1
eV above the emission ZPL, at 2.4-2.8 eV. If the defect is VpCy, with C;, symmetry, this
should correspond to the (2)*A, <+ (1)*A, transition, which is calculated in the supplement
of ref. 7 to have a vertical absorption energy between 2.8 and 3.6 eV. Since this state does
not appear in emission and was observed in PLE of the ~ 2 eV ZPL, this indicates a fast
non-radiative relaxation to the (1)*B; state that flips the polarization of the optical dipole,
suggesting an intercrossing of the (2)*A; and (1)*B; states. In this picture, the ground-state
is energetically isolated with no in-plane dipole component, and should have a weak lattice
distortion compared to the excited state where there are number of orbital states with similar

energy available for admixing. This argument is supported by our experimental observation
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Fig. 6.9 Energy level diagram for VpCy, defect showing the suspected transitions. (1)*B; —
(1)*A; transition gives an in inplane polarized (||) ZPL transition and (2)*A; «> (1)*A,
orthogonally polarized (L) excitation gives ZPL, absorption peak in PLE data [14]. Non
radiative relaxation from (2)*A, — (1)*B; flips the optical dipole polarization.

of red shift in ~ 200 meV, LO(E,,,I") phonon mode peak in PLE which, according to our
calculations, gives a lattice distortion of 2.6% in the excited state.

Hayee et al [8] report three classes of defect emitters in the 2 — 2.2 eV energy range,
which they suggest could be the VyNg, VyCp or VyO,p defects [2]. All three share C»,
symmetry with the VzCly, so in principle all could exhibit similar behaviour. We are unaware
of any theoretical studies of selection rules for VyO,p so no concrete statements can be made
about it. For all charge states of VyNp [9] and VyCp [7, 36] (and neutral and positive charge
states of VcBy), transition energies of ~2 eV are predicted to have out-of-plane optical
dipoles, whereas the emitters we study have in-plane optical dipoles.

Hayee et al [8] also discuss the Vp defect, and rule it out due to their sample preparation
method, but we cannot. By contrast to the other candidate defects, the Vp point defect has
Ds3;, symmetry, and the singly negatively-charged V is the only stable charge state to have
in-band-gap transitions [10]. The ground state is calculated to have A symmetry, and there
exists an excited state with E’ symmetry [13] variously calculated to emit at 2.287 eV [11],
1.92 eV [12] and 2.22 eV [13]. As this state has a two-fold degeneracy in the plane of the
crystal, the Jahn-Teller effect occurs, deforming the defect and giving a preferred polarization
direction. This deformation could also give rise to the shift in the £, phonon energy in the
excited state. The degeneracy breaking is also expected to result in an orthogonally polarized
state, but this is calculated to be at an energy of 2.25 eV [13], which is much lower than the
the orthogonally polarized absorption peak previously observed in Ref. 14. While V; has
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been proposed as responsible for emission around 2 eV [12, 1], it has also been suggested
that the E’ excited state undergoes rapid relaxation to a lower E” energy state, resulting in
emission at 1.76 eV [13]. This peak has been observed in PL. and ODMR measurements
of hBN attributed to V~ [6]. Hence, the likelihood of our observations being due to V is

unclear.

6.6 Conclusion

In this work, we have demonstrated the application of STED spectroscopy to the examination
of vibronic states of defect emitters in hBN. We have shown that STED spectroscopy
replicates the PL spectra, but with the advantage that STED eliminates stray signals from
nearby emitters, making it immensely useful for systems with randomly-placed emitters in
the solid state, such as defects in 2D materials. We have shown that STED is analogous
and complementary to PLE spectroscopy, where the major difference is that STED probes
vibronic spectra of the ground state in a two-level system, whereas PLE probes that of the
excited state. We have then used STED and PLE to compare the vibronic spectra of the
ground and excited states of the radiative transition. For colour centres emitting near 2.2 eV,
the main qualitative difference between the ground and excited states is a red-shift in the
LO-phonon mode with Ej, symmetry. We compare our findings to recent work on different
defect species in hBN and show that they are most consistent with the (1)*B; — (1)*A;
transition in the VpCy, defect. In this case, the shift to the phonon mode would be ascribed to
a lattice distortion due to admixing between nearby excited states in the defect.

Here, the STED spectral resolution is limited to ~1 nm by the AOTF filtering the SCL,
which prevents a detailed examination of the OPSB around 165 meV. However, with a
narrower linewidth laser, PLE/STED would enable further investigation of the fine structure

of the OPSB and thus shed more light on electron-phonon coupling in hBN emitters.
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Chapter 7

STED Microscopy

7.1 Introduction

Stimulated emission depletion (STED) microscopy [1] is one of a number of super-resolution
imaging techniques [2]. A typical STED microscope employs two lasers: one that excites a
fluorophore, and a second, with a doughnut-like intensity profile, that deactivates fluorescence
via stimulated emission, to effectively reduce the excitation area below the diffraction limit
[3]. In the previous chapter we used STED spectroscopy to study the vibronic levels in the
ground state, in this chapter we present a practical application of STED technique for high
resolution imaging of colour centres in hBN.

For microscopy, the depletion laser pulse profile is changed from Gaussian to doughnut
by a vortex phase plate (VPP) [4]. Fig. 7.1 (a) shows a sketch of STED microscopy. The
overlapping STED and excitation beams enter the objective and are focused on the hBN
sample. The objective, with the help of a piezo stage, moves in a raster fashion to scan the
sample. In confocal microscopy the resolution (6d) depends on the spot size of excitation

laser beam, which depends on the wavelength (A) of the pulse and the NA of the objective-

_ 0.614

8d = NA (7.1)

Fig. 7.1 (b) shows a hypothetical 2D grid of emitters excited via confocal microscopy.
The large spot size of the excitation laser excites multiple defects (shown in yellow) at once.
In STED microscopy, the doughnut shaped depletion laser pulse is applied soon after the
excitation pulse which depletes the emitter from the excited state and reduces the PL signal

from the neighbouring fluorophores. The doughnut shaped STED laser depletes all the PL
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signal coming from the fluorophores which overlaps with the doughnut ring and only leave
the central ones excited, where the doughnut intensity is nearly zero shown in Fig. 7.1 (c).
The resolution in STED microscopy can theoretically reach the atomic scale, but is ultimately
limited by the properties of the fluorophore [5]. It is therefore important to investigate and

characterize potential new fluorophores. The lateral resolution,

Isat
Od o< 4/ T (7.2)

where [ is the optical intensity used to stimulate emission and

hv

Lsar = (7.3)

is the stimulated-emission saturation intensity of the emitter, with v the photon energy,
T, the excited state radiative lifetime and o, is the STED cross section for stimulated emission
[6]. In our STED demonstration, presented in this chapter, we obtained a STED resolution
~ 10x higher than the confocal technique. This work has been published and is here adapted
from ACS Photonics, 8, 7, 2081-2087(2021) Copyright 2021 The American Chemical
Society. For this work, my contributions were- numerical calculations and fitting, doing
measurement remotely (due to covid restrictions) and making LabVIEW programs for

automation, plotting the figures, writing and submitting the paper.

7.2 Search for a new fluorophore

The ideal fluorophore should have large o; to enable high resolution, whilst minimising
the chance of photodamage to the sample. Fluorophores should also be bright for a low
excitation power, photostable, in terms of blinking and bleaching, and physically small such
that a high degree of spatial resolution can be achieved.

The most widely used fluorophores are organic dye molecules, which can have a relatively
large STED cross-section on the order of 10~'¢ cm? [7]. They can be designed to bind to
certain biological [8] targets and produce high emission rates [9] at sufficiently low power
[10] to enable spatial resolution of ~ 20 nm [11]. However, photobleaching is a significant
limitation of these organic dyes, which has stimulated the search for more stable fluorophores

[12, 13]. A prime example is the negatively charged nitrogen vacancy (NV) centre in diamond,
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Fig. 7.1 Cartoon sketch to understand STED imaging. (a) Overlapping STED doughnut
and Gaussian excitation beam entering the objective which scan the sample in a raster-type
pattern. (b) Confocal excitation spot on hypothetical 2D grid of emitters. Excited emitters
are highlighted with yellow. (c) Overlapping STED and excitation beam spot on emitter grid
shown only one emitter excited while the neighbouring emitters are depleted by the STED
doughnut.
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where a resolution of 2.4 nm has been demonstrated in bulk diamond [14] and individual NV
centres separated by just 15 nm have been resolved in nanodiamonds [15]. Nanodiamonds
can be functionalized to bind with biological targets and their relatively non-toxic nature
allow their use for target labelling and imaging in living tissues [16]. However, the STED
cross-section is smaller than that of dye molecules, at around 10~!7 cm?, requiring a larger
depletion power [17, 18]. Furthermore, the photoluminescence intensity is low and spans
a large spectral range due to phonon assisted emission, and photocharging can result in
blinking, particularly in nano-diamonds with diameters < 10 nm [19]. In a recent work,
negatively charged silicon vacancies (SiV) have been proposed as an alternative [20], offering
the favourable properties of diamond, but with a larger STED cross-section (4 x 10717 cm~2).

These impressive results with diamond raise the question of whether colour centres in
other wide bandgap semiconductors have potential for STED microscopy? In particular,
colour centres in hBN appear an interesting candidate, especially after the STED spectroscopy
work presented in chapter 6, where we were able to achieve a STED inhibition ratio of <
0.1 [21]. Stable emission has been demonstrated from hBN nanoflakes with thicknesses
of just a few atomic layers and lateral dimensions < 10 nm [22]. Colour centres in hBN
have previously been studied with super-resolution microscopy [23, 24] but they have not

previously been employed in STED microscopy.

7.2.1 Bio-compatibility of hBN

As biological imaging is a major application of STED microscopy, the biocompatibility and
functionalization of fluorophores is also an important consideration. Merlo et al. [25] have
reviewed the biocompatibility of various forms of boron nitride and conclude that, unlike
carbon based nanomaterials, which show different levels of compatibility and toxicity based
on shape, preparation method and size of the material, boron nitride in pristine condition is
biocompatible in-vivo and in-vitro. Furthermore, Mateti et al. [26] concluded that single
boron nitride nano sheets and tubes are non-toxic because of no unsaturated Boron atoms,
except at the edges. Functionalization of BN nanostructures [27] holds promise for various

applications, including vaccine design [28] and photodynamic cancer therapy [29].

7.3 Sample Preparation and Setup

The samples examined consist of hBN flakes, dropcast from solution onto a Si substrate

coated with a 5 nm layer of Al,O3[30]. For more details, see chapter 3, section. 3.1. Note
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Fig. 7.2 Typical PL spectrum of a colour centre in hBN, showing the excitation, depletion
and collection wavelengths. The labels ZPL, PSB and 2PSB indicate the zero-phonon line,
one optical phonon sideband and two optical phonon sidebands, respectively.

that this time the sample was not annealed to show that non-annealed hBN flakes are good
candidates for STED imaging and holds potential for bio applications.

In this work we focus on a class of defects with zero-phonon line (ZPL) emission at
around 580 nm. Fig. 7.2(a) shows the photoluminescence (PL) spectrum from such a defect,
under green (532nm) excitation.

The experimental setup for STED-imaging is shown in Fig. 7.3(a) and employs a variant
of STED known as time-gated CW-STED [6], where the excitation (depletion) laser is
pulsed (continuous-wave [CW]). The excitation is generated by a supercontinuum laser,
with a repetition rate of 78 MHz that can be reduced using a built-in pulse-picker. The
supercontinuum beam is directed by a pair of dielectric mirrors, which filter-out wavelengths
>800 nm, through a polarizing beam-splitter and band-pass filter centred at 532 nm (4 nm
FWHM), and into a single mode fibre. At the output of the fibre a half-wave plate and linear
polarizer maximize the power and ensure a high degree of linear polarization, respectively.
The depletion beam is provided by a red CW diode laser, with a wavelength of 630 nm,
which is coupled to a single mode fibre, followed by a half-wave plate, linear polarizer and
vortex phase plate, which generates the doughnut shaped beam profile necessary for STED
microscopy [4]. Two dichroic beam splitters combine the green and red lasers, which are

passed to an objective lens with numerical aperture of 0.8 that is mounted on an XYZ-piezo
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Fig. 7.3 Schematic diagram of the gated CW-STED setup. DM=dielectric mirror;
SMF=single-mode fibre; MMF=multi-mode fibre PBS=polarizing beam-splitter; BPF=band-
pass filter; VPP=vortex phase plate; LP= linear polarizer; DBS=dichroic beam-splitter;
SCL=supercontinuum laser; APD=avalanche photodiode; A /4=quarter-waveplate; A /2=half-
waveplate; TCSPC-time-correlated single photon counting electronics.

stage. The fluorescence from the sample is collected by the same objective, filtered by a pair
of tunable long and short pass filters (570-590 nm pass band) and coupled, via a multi-mode
fibre, into a single photon avalanche photodiode (SPAD) module. A time correlated single
photon counting (TCSPC) module records the arrival time of photons, along with reference
pulses from the two lasers. This data is then post-processed to generate time-resolved decay
traces and confocal/STED maps. The red depletion laser is switched on and off at 237 Hz
with a 50% duty cycle, by controlling the drive current with a function generator. This
modulation is much slower than the 78 MHz repetition rate of the excitation laser so enables
confocal and STED maps to be acquired simultaneously. Where quoted, the laser power
is measured before the objective lens and represents an upper limit, as both excitation and
depletion lasers are collimated to a diameter slightly larger than the back aperture of the

objective lens.
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Fig. 7.4 Characterization of STED Laser Beam. (a) PL spectrum of the hBN colour centre
used for STED beam characterization. The shaded area indicates the wavelength range used
for in the beam characterization. (b) and (c) Confocal images of the hBN colour centre when
excited with (b) a Gaussian beam profile and (c) the doughnut beam profile. The scale marker
in (b) and (c) is 500 nm and the dashed lines indicate the linecuts shown in (d) and (e). (d)
and (e) PL intensity profiles from (d) the gaussian beam and (e) the doughnut beam maps.
The solid red line in (d) shows a Gaussian fit to the data with FWHM of 580 nm and in (e)
shows a fit to doughnut beam profile calculated with eq. 7.4 giving NA, s = 0.56.

7.3.1 STED beam characterization

To quantify the STED cross-section, the intensity profile of the laser at the focal plane is
required. To measure this in our setup, we take advantage of the fact that colour centres
emitting over a broad energy range can be found in hBN [31-35]. Using the same sample,
we locate a colour centre that can be efficiently excited with the red laser, in this case with
ZPL emission at 685 nm, which we then use as an effective point source for mapping the
STED laser beam profile. The spectrum of the colour centre is shown in Fig. 7.4(a). The ZPL
fluorescence is recorded whilst the beam is scanned over the defect, revealing a Gaussian
beam profile, with a FWHM of 580 nm (Fig. 7.4(b) and (d)).

This method is also used to measure the doughnut beam intensity profile, which is
required to interpret the achieved STED resolution, and is plotted in Fig. 7.4(c) and (e). The
doughnut beam profile, D(r), along the radius, r, is approximated as [20, 36]:

(7.4)

D(r) = 2”)1:;*2 (bt~ <u>fo<u>>2
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where NA is the numerical aperture of the objective lens, J, and J; are the zeroth and
first order Bessel Functions, and H, and H; are the zeroth and first order Struve Functions
with normalized radius u = 2wrNA /Ag.

In Fig. 7.4(e) the experimental data is shown alongside a fit to the data of eq. 7.4, from
which we extract an effective numerical aperture of our microscope, NA,rr = 0.56, that is
less than the the actual NA of the objective lens (0.8). This reduced NA can be attributed to
imperfect circular polarization and the alignment of the doughnut beam into the objective
lens. For comparison, eq. 7.4 is also plotted for NA=0.8, which illustrates that larger NA
leads to an increase in the intensity and reduction of the distance from the doughnut centre of

the two maxima.

7.4 Time Gated CW STED

Time-gated CW-STED is demonstrated in Fig. 7.5(a) for an hBN colour centre. The use of
Gaussian-shaped depletion beam from a CW laser, pulsed excitation and time-gated detection,
can yield high resolution at low STED intensities [6]. In this approach, the lifetime is reduced

by the depletion laser from 1/k; to:

1
T =
kﬂ + (PsGSls/AshC)

where kg 1s the radiative decay rate of the fluorophore, Ps the power of the STED laser

(7.5)

of wavelength Ag, Ag = 27(SD)? is the STED beam focal area. Ag is approximated by the
standard deviation (SD = 246 nm) of the focal spot’s Gaussian profile. For photons collected
after 7; > 7, where the CW laser has depleted the excited state, the STED inhibition factor
decreases, and therefore, the STED resolution increases. This enables lower depletion laser
power to be compensated by a longer gate delay, as illustrated in Fig. 7.5(c). The trade-off
is that with longer gate delays the number of photons in the collection window is reduced,
thereby reducing the signal to noise ratio. To some extent this can be compensated by
choosing a gate width, Ty and excitation laser repetition rate, that maximises the fluorescence
intensity based on the radiative lifetime of the emitter.

In Fig 7.5.(b) the emitter lifetime is plotted as a function of the depletion laser power and
is reduced from ~ 4 ns to ~ 0.5 ns for a STED power, Ps =49 mW, which is the maximum
available from this laser. The STED cross-section is extracted from a fit to eq. 7.5 and for
this colour centre yields a value of o5 > 2.5 x 10~!7cm?. Note, as the power is measured

before the objective lens, the power incident on the sample is less than quoted and hence
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Fig. 7.5 Time-gated CW-STED with a colour centre in hBN. (a) Time-resolved photolumi-
nescence from a single hBN colour centre, under pulsed 532 nm excitation, with and without
633 nm CW-STED laser co-excitation (b) STED laser power dependence of the radiative
lifetime of the colour centre. The red line shows a fit to eq. 7.5. (c) and (d) STED inhibition
factor as a function of (c) gate delay time and (d) STED laser power with gate width, 7,, = 6
ns. The depletion laser has a Gaussian-shaped intensity profile.



152 STED Microscopy

3.9] ‘ : : ‘ ‘
I ™ (a) LA (c)
= \. 24| S
1) "\ -
s .
g 2.6 a‘-\ \
5 N 16l
) "
= 13 "
©
S | o8]
o 0s=1x10"cm? ‘& 0s=35x10"cm? s
001 041 1 10 100 001 04 1 70 100 001 01 1 10 100
STED Power (mW) STED Power (mW) STED Power (mW)

Fig. 7.6 STED laser power dependence on radiative lifetime for 3 example colour centres
(a)-(c). oy is calculated using eq. 7.5.

our calculation using eq. 7.5 gives a lower limit of the STED cross section. Increasing the
time delay of the gate reduces the STED saturation power, defined as the power required to
reduced the fluorescence intensity by half, (Fig. 7.5(d)).

The measurements shown in Fig. 7.5 are repeated for ten more colour centres resulting
in a mean STED cross-section of > (5.543.2) x 10~"7cm?, with a maximum value of
> 1 x 10~ 19c¢m?2. Fig. 7.6(a)-(c) shows lifetime verses STED power plot for three such
colour centres. The mean STED cross section for the 10 emitters is (5.5+3.2) x 10717 cm?
with the highest ~ 1 x 1071 ¢cm? shown in 7.6(a). From the same measurement, we also
extract the average saturation power Py, = (14.7+9.5) mW.

These cross-sections compare favourably with centres in diamond [20, 18] and organic
dye molecules [7, 6] and demonstrate the clear potential for hBN colour centres to find
application in STED microscopy. The relatively large variation in the STED cross-section
can be attributed to variations in the efficiency of the optical phonon-assisted depletion from
defect to defect [21]. Unlike for NV and SiV centres in diamond, where the ZPL wavelength
is well defined, in hBN samples such as ours, there is considerable variation of the ZPL
wavelength [32]. In our experiment, the detection bandwidth spans 20 nm, but the STED
laser bandwidth is ~ 1 nm. Consequently, the overlap of the STED laser with peaks in the
OPSB can vary considerably, leading to the observed defect-to-defect variation in STED
cross-section. See chapter 6, section 6.4 for example of OPSB variations among defects.
This could be avoided by using a broadband STED laser, such as a filtered supercontinuum

[20].
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7.5 Resolution Improvement: STED Versus Confocal

To verify that hBN colour centres can be applied to STED microscopy, we use a vortex
phase plate to generate a doughnut-shaped depletion laser beam with a central minima
co-aligned with the maxima of the Gaussian excitation beam. Scanning confocal and STED
images of a single colour centre, presented in Fig. 7.7(a) and (b), respectively, are acquired
simultaneously by switching the depletion laser on and off at 237 Hz (Ps = 49 mW, 7p =3
ns). The images reveal a clear improvement in resolution, which is quantified with Gaussian
fits to horizontal intensity profiles through the two images. Fig. 7.7(c) and (e) show confocal
and STED profiles along the horizontal and vertical axis of the PL. map. The confocal FWHM
for the horizontal (vertical) profile is ~380 nm (~450 nm), consistent with the diffraction
limit of our microscope (A = 532 nm, N.A. = 0.8). Whereas, with the STED laser applied
the FWHM is ~40 nm (~60 nm), which is a ~ 9-fold (7-fold) improvement in resolution.
We attribute the asymmetry between the x and y-directions, in both the STED and confocal
images, to aberrations [37, 38] and/or drift in our setup.

Fig. 7.7(d) and (f) highlight the value of time-gating in CW-STED, with the Gaussian
FWHM plotted as a function of the gate delay time for horizontal and vertical linecuts,
respectively. The confocal resolution is independent of the gate delay, whereas the STED
FWHM reduces from ~ 270 nm with no gate delay, to ~40 nm (~60 nm) for the horizontal
(vertical) linecut when the gate delay is 6 ns. The solid lines in Fig. 7.7(d) and (f) show fits
to the data of the calculated point spread function (PSF) for time-gated CW-STED. The PSF
is calculated following Vicidomini et al. [6], but adapted to take into account the gate width,
which in this case is comparable to the excited state lifetime of the hBN defects. We start
from the inhibition factor, Ns(Is, Tp, Tw ), which is the ratio of fluorescence intensity with
and without the STED laser, in the interval defined by the gate delay, 7p and gate width, Ty,

and can be approximated as:

Tp+Tw p+Tw
ns(s, Tp, Tw) = / e~ kptks)t gy / / e knt gt (7.6)
™

(%))

where kg = PgOgAg /Ashc = oOgls is the STED induced decay rate. Evaluating eq. 7.6

leads to:
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Fig. 7.7 STED microscopy of a single colour centre in hBN. (a) Confocal and (b) STED
images of a single hBN colour centre, for a gate delay of 3 ns and a gate width of 7 ns. In
(a) and (b) the scale marker is 500 nm. In (b) the STED power is 49 mW. (c) and (e) are
Horizontal and Vertical intensity profile through the centre of the confocal and STED images.
The solid red and green lines show Gaussian fits to the experimental data with FWHM of 380
nm (450 nm) and 41 nm (63 nm) for Horizontal (Vertical), respectively. (d) and (f) Gaussian
FWHM of the STED image as function of gate delay time with fixed gatewidth of 0.5 ns
for Horizontal and Vertical intensity profile. The solid red line is a fit to the FWHM of the
calculated point spread function for time-gate CW-STED. The fitting parameter, Py, 1s 1.2
mW (1.6 mW) for Horizontal (Vertical) fit. (See eq. S4 in S. I).
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_Ipttw Is ) w _ T Is
s, ) = | SR ) O ) (1.7)
R A 1—exp(E) '

where Iy = kg / Os is the saturation intensity, defined as the STED intensity for which the
fluorescence is reduced by 50 %. The effective PSF of the STED microscope, hs(r) arises
from the multiplication of the Gaussian excitation profile by the inhibition factor, resulting

n:

+
exp(——TDTﬂTW Sy) — exp(%"l — ;—ZSr) 78
() '

Tﬂ

—r24ln(2)] 1

h =
S(r) exp |: dg 1+Sr

where d, is the FWHM of the Gaussian excitation profile and S, = PsD(r)Ag /Py, wWhich
is a function of NA, . Here Py is the STED saturation power and is used below as a fitting
parameter.

Fig 7.8 (a) shows vertical intensity profiles through the centre of the STED image shown
in Fig. 7.7(e). The solid line shows the point spread function calculated using eq. 7.8,
where the only fit parameter is Py, = 1.6 mW and which is in excellent agreement with the
experimental data with FWHM of 61 nm.

In Fig. 7.8 (b), we calculated the FWHM (i.e resolution Ar) from PSF for different values
of NA using Eq. 7.4 and 7.8. The calculated FWHM decreases with increase in NA, ¢ 7 as
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expected. For an oil-immersion objective, where the NA can reach 1.45, the resolution is
predicted to be sub 10 nm.

In Fig. 7.7(d) and (f), the agreement with the experimental data is better for the vertical
than the horizontal linecut, which we attribute to under-sampling of the STED image. As
the gate delay is increased and the FWHM narrows, the number of pixels contributing to the
width of the Gaussian fit also decreases. Due to the asymmetry in horizontal and vertical
directions, the under-sampling is more significant for the horizontal linecut, where only two
pixels contribute to the width at the maximum gate delay, compared to four pixels for the
vertical linecut.

In Fig. 7.7(a) and (b) the maximum PL intensity is approximately the same for the STED
and confocal images, whereas in general it is more common for the STED intensity to be
lower [20, 6, 15, 17], because the STED intensity does not go to zero at the doughnut centre.
This is not observed for all defects (see Fig. 7.9(c)) and we speculate that it is due to optical
stabilisation of the charge state, of this particular colour centre in the presence of the STED
laser. Photo-charging effects in hBN have been reported for positive detuning of the laser
(energy higher than the ZPL) [39, 23]. However, similar behaviour has also been observed
for negative detuning, for example in Silicon Carbide defects [40].

There is also some evidence for instability of the photoluminescence, which can be seen
in the spread of the confocal data points about the Gaussian fit, particularly in Fig. 7.7(e).
This could be related to charge state switching, which is common for colour centres in wide
bandgap materials [41, 42], including hBN [23, 39, 43]. This behaviour varies between
colour centres and can be detrimental to STED imaging. However, studies have shown stable
emission and low rates of blinking and bleaching is possible for hBN colour centres [32] and

that the choice of excitation conditions can stabilize the emission [23, 39].

7.6 Practical Example: Distinguishing Multiple Emitters

In Fig. 7.9 we demonstrate that two hBN colour centres, separated by less than the diffraction
limit, can be resolved using STED microscopy. In Fig. 7.9(a) and (b), confocal and STED
images of the same area of the sample are presented. In the confocal image (Fig. 7.9(a)) a
single bright spot is observed, apparently indicating emission from a single colour centre.
However, the STED image (Fig. 7.9(b)) clearly reveals two distinct emission centres. From
the intensity profiles presented in Fig. 7.9(c), and Gaussian fits to the data, the separation
of the two colour centres is 251 & 8 nm, compared to the diffraction limit of A /2NA = 333
nm for our system. The FWHM for the two peaks are 144 nm (lower-left spot) and 190
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Fig. 7.9 (a) Confocal and (b) STED images of a multiple hBN colour centres, for a gate delay
of 3 ns. In (a) and (b) the scale marker is 500 nm and the blue dashed lines indicate the
linecuts shown in (c). In (b) the STED power is 49 mW. (c) Linecut intensity profiles from
the confocal (green) and STED (red) images along the direction indicated in (a) and (b). The
solid green (red) lines in (c) show Gaussian (double Gaussian) fits to the experimental data.

nm (upper-right spot). The resolution here is consistent with the measured average STED
cross-section of (5.543.2) x 10717 cm? , which coupled with the numerical aperture of 0.8
and STED laser power of 49 mW, leads to a mean expected FWHM of (202 4 49) nm. The
asymmetry of the two spots in the STED image suggest that one, or both, may contain more

than one unresolved emitter.

7.7 Conclusion

In conclusion, these results clearly illustrate the potential of hBN colour centres as a fluo-
rophore for STED microscopy. In our current set-up the resolution is limited by both the
numerical aperture of the objective lens (0.8) and the available STED laser power, yet a
resolution of ~ 50 nm is still achieved for a power density of 13 MW/cm?. We calculate
that replacing our objective with an oil-immersion lens, widely used in STED microscopy
(typical numerical aperture of 1.45), would improve the resolution to <10 nm, comparable to

state of the art measurements with diamond NV centres [15]. In this work, we have employed
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colour centres with ZPL emission around 580 nm. However, the wide range of emission
energies can provide flexibility in the choice of excitation/depletion wavelength and colour
centres emitting at shorter wavelengths [44, 31] offer the potential of further improvements
in resolution. Photoluminescence from sub-10 nm diameter flakes [22] and the non-toxic
nature of hBN [25] show promise for biological applications but further work is required to
understand the role of optical pumping on the PL stability [39, 23, 43] so that the excitation
scheme can be optimised, and to determine the underlying defect structure so that samples
with a single dominant defect species can be produced [45]. Furthermore, STED microscopy
can be combined with ODMR [14, 46, 15] to study the spin physics of colour centres in hBN

[47, 48], where there is considerable promise for applications in quantum sensing [49].
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Chapter 8

Conclusion and Future Work

8.1 Conclusions

This thesis has presented a detailed study of the photophysical properties of hBN emitters,
from analysing the phonon interaction to demonstrating practical applications in high reso-
lution imaging. The results provided here widens the understanding of hBN as a future 2D
material for applications in nanophotonics. An open question in the field of hBN emitters
is the identity of the defects. Answering this question can be very rewarding for the wider
research community. However, it is not very easy and require an extensive research because
hBN emitters show a wide range of ZPL energies and spectrum profiles. Since we started
working on this topic, from 2018, we believe that we have made a significant progress
towards the answer. We have used PLE and STED techniques to comment on the defect
identity while comparing our experimental observations with DFT studies to support the
argument with theory.

We made progress on understanding the photophysical processes in the hBN emitter like
switching of the defect between dark and bright states which tackles the problem of stability.
The engineering steps such as Purcell enhancement and cavity coupling, required to improve
the emission quality, rely on the understanding of the phonon interactions with the emitter.
We have provided a detailed model for qualitative analysis of phonon coupling mechanisms
and the necessary parameters. Furthermore, we have demonstrated a high resolution STED
microscopy technique which can resolve two emitters separated by a distance smaller than
the diffraction limit. This demonstration can open doors for hBN in the field of bio-imaging.

The chapter-wise conclusion are:

In Chapter 3, we have analyzed the phonon sidebands of two different hBN emitters using

an independent boson model. Some striking features about acoustic phonon coupling have
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been identified. It can be described by deformation coupling to an effective two-dimensional
phonon-bath with exponential form-factor and for phonon energies larger than 10 meV,
the acoustic phonon dispersion is degenerate with respect to out-of-plane momentum. The
intrinsic sub-Lorentzian broadening of the ZPL limits the achievable photon indistinguisha-
bility. The identification of the order of the electron-phonon spectral density is important to
determine properties, such as the power laws and ZPL broadening. The 200 meV optical
phonon peak can be attributed to Frohlich coupling to an LO(E},)-phonon band where
neighboring layers vibrate in anti-phase to each other giving a signature of a multi-layer flake
with .#” > 3. The TO-electron coupling is effectively two-dimensional and can be described
by a deformation coupling proportional to in-plane lattice displacement.

In Chapter 4 we presented controllable optical switching between bright and dark states
of colour centres emitting around 2 eV. Resonant, or quasi-resonant, excitation of photolumi-
nescence also pumps the colour centre, via a two-photon process, into a dark state, where
it becomes trapped. Repumping back into the bright state has a step-like spectrum with
a defect-dependent threshold between 2.25 and 2.6 eV. This photocharging mechanism is
supported with a multilevel model to understand the experimental observations in time trace
and g?(7) data. Furthermore, a second zero phonon line, detuned by +0.4 eV, is observed
in absorption with orthogonal polarization to the emission, evidencing an additional energy
level in the colour centre.

Chapter 5 shows how STED can probe the vibronic states of the ground state without the
interference from neighbouring emitters. The 200 meV optical phonon peak from Frohlich
coupling to an LO(E},)-phonon band shows a shift of ~ 3.7 meV for all the emitters emitting
around 2.2 meV. This signifies a lattice distortion of 2.6 % when the emitter goes from the
ground to excited state. On comparing with latest DFT calculations, the energy transitions
agree with that of VgCy defect.

In Chapter 6, we demonstrated STED microscopy with colour centres in nanoscale flakes
of hBN using time-gated CW STED technique. For colour centres with zero phonon line
emission around 580 nm we measure a STED cross section of (5.5 + 3.2) x 10717 cm?,
achieve a resolution of ~ 50 nm with power density of 13 MW/cm?. Compared to commonly
used organic dye molecules which suffer from photobleaching due to irreversible chemical
reaction, our resolution is ~ 2.5 times larger with similar STED cross section and power
density. We were able to resolve two colour centres separated by 250 nm, which is less than
the diffraction limit. The achieved resolution is limited by the numerical aperture of the

objective lens (0.8) and the available laser power, and we predict that a resolution of sub-10
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nm can be achieved with an oil immersion objective lens, similar to state-of-the-art resolution

obtained with nitrogen vacancy centres in diamond.

8.2 Future Work

The origin of the hBN emitter should be addressed with more research which support
experimental observation along with theoretical modelling. Recently, ODMR has been used
to demonstrate that Vy~ defects in hBN are promising candidates for spin based quantum
computing [1] and temperature, pressure and magnetic field quantum sensors [2]. An
important step could be exploring the ODMR technique to study the energy levels in other
optically active defects in hBN and examine the magnetic field dependence, energy level
structure and photocharging mechanisms for better estimation of emitter identity.

A rewarding route for further developing the quantum computing front could be con-
trolling the spin state of the emitters electronically which improves the scalability of 2D,
spin based quantum information processors. This has been recently demonstrated for NV
centres in diamond [3]. An intermediate step can be controlling spin electronically and
optical readout of the spin state.

Another aspect of interest to be further explored is creating desired defects via ion
implantation or electron beam technique. Recently, Some progress has been made in this
front by Mendelson et al. [4] with ion implanted carbon defects. To provide a flexible
choice of emitters, techniques should be developed to create optically active impurity/lattice
defects on demand. The sample we used for the experiments presented in this thesis, consist
of emitters with variety of emission wavelengths, intensities and linewidths. It would be
interesting to create specific optically active defects at a chosen location in a very pure hBN
flake and study them without any interference from nearby charged species or traps.

So far, hBN emitters are optically excited and it would be much more advantageous, in
terms of ease in integration with optical devices, to use electrical excitation, like in case of
QDs [5]. Optical excitation requires complicated and expensive laser setups which strictly
limit hBN to lab use. Whereas, electric excitation is inexpensive and tuning excitation energy
can be as simple as changing the voltage. This is a challenging task because hBN is a wide
bandgap semiconductor and difficulties in doping hinders electron and hole injection [6].
Some progress has been made in electroluminescence from h-BN by using Al,O3/h-BN
multiple heterostructure [7] but so far electrically driven quality single photon emission has

not been reported. However, it should be noted that a detailed understanding of hBN emitter’s
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energy level structure with respect to conduction and valance band is important, linking this
problem again with the question of emitter identity.

Finally, a major interest in hBN quantum emitters is for QKD application, however, no
progress towards a practical demonstration has been made. An effort, specifically targeted
toward making room temperature chip scale hBN QKD system can be another aspect of

exploiting the commercial applicability of this material [8].
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