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Abstract

This thesis decay rate enhancement and photophysics of nitrogen vacancy (NV)
centers in diamond and quantum emitters in hexagonal boron nitride (hBN).

The NV center in diamond is a unique physical system that finds use in many
quantum technologies such as quantum sensing, quantum information processing
and single photon generation. Consisting of a substitutional nitrogen atom next
to a vacant lattice site, the NV center introduces discrete electronic energy levels
within the wide bandgap of diamond. The NV center can be optically excited and
will emit single photons upon relaxation that hold information of the spin state of
the NV center.

In this thesis, we use metallic structures to modify and enhance the decay rate
of NV centers in bulk and nano diamonds in three different experiments. Such an
enhancement is a way to improve the usability of NV as a single photon source.
Using TiN films with metamaterial properties we observe a 2-fold decrease of the
total excited state lifetime of NV centers in nano diamonds, when comparing to
similar NV centers not influenced by the TiN films.

For shallow implanted NV centers in bulk diamond we experimentally investigate
how a decay rate enhancement influences the signal-to-noise ratio (SNR) in spin
readout measurements. In this experiment we perform spin state readout before
and after introducing a rate enhancement and find a 30 % drop in spin contrast.
We model the spin readout measurements using a five-level model and use that to
predict the SNR under higher rate enhancement.

In the last NV related experiment we use a curved metallic mirror on top of
shallow implanted NV centers, to measure the continuous lifetime modification as a
function of distances to the mirror. This allows us to determine the internal quantum
efficiency (IQE) by fitting the experimental data with a model that includes calcu-
lating the expected Purcell factor. We find IQE values of 0.70±0.07 and 0.82±0.08
for implantation depths of 4.5±1 and 8±2 nm, respectively.

Last but not least, newly discovered bright single photon emitters in two dimen-
sional hBN were investigated. Similar to the NV center they are believed to be
crystal defects, but the defect configuration is not fully known. In this thesis, the
photophysics of quantum emitters in hBN nano flakes are investigated. Intensity au-
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tocorrelation measurements indicate the presence of at least two metastable states,
seen by distinct photon bunching levels on long time scales in the g(2)(τ)-functions.
We also observe blinking behaviour, which we show can be explained by changes in
the IQE. From rate equation fitting we find that transition rates scale linearly with
excitation power. Based on the transition rates we estimate the IQE to be close to
unity for excitation powers below saturation.
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Resumé

Denne afhandling omhandler henfaldsrateforstærkning og fotofysikken bag Nitrogen-
vakancecentre (NV) i diamant og kvanteudsendere i heksagonal bornitrid (hBN).

NV centret i diamant udgør et unikt fysisk system, der finder anvendelse i
mange kvanteteknologier s̊asom kvantesensorer, processering af kvanteinformation
og generering af enkeltvise fotoner. Best̊aende af et substitutionelt nitrogenatom
ved siden af en tom gitterplads introducerer NV centret diskrete elektroniske en-
erginiveauer i det brede b̊andgab af den isolerende diamantkrystal. NV centret kan
exciteres optisk og udsender enkeltvise fotoner n̊ar det henfalder. Disse fotoner
indeholder information om systemets spintilstand.

I denne afhandling gør vi brug af metalstrukturer til at modificere og forstærke
henfaldet af den exciterede tilstand af NV centre i nanodiamanter og makroskopiske
diamanter. En s̊adan forstækning vil øge NV centrets brugbarhed i rollen som
enkeltfotonkilde. Ved brug af TiN film med metamaterialeegenskaber ser vi en
fordobling af henfaldsraten af den exciterede tilstand af NV centre i nanodiamanter,
ift. henfaldsraten målt for lignende NV centre, der ikke er under indflydelse af TiN.

For NV centre implanteret i overfladen af en syntetisk fremstillet diamantskive
undersøger vi, hvordan en forstærkning af henfaldsraten p̊avirker signal-støj-forholdet
i målinger af spintilstanden. Vi udfører spinm̊alinger før og efter introduktionen af
en forstærkning af henfaldsraten og observerer et fald p̊a ca. 30 % i signal-støj-
forholdet. Vi modellerer spinmålingerne ved hjælp af en fem-niveaumodel og kan
derved forudsige p̊avirkningen under størrer forstærkning af hendfaldsraten.

I det sidste eksperiment, der relaterer sig til NV centre bruger vi et konvekst
metallisk spejl oven p̊a en diamant med NV centre i overfladen til at måle en kon-
tinuerlig modificering af henfaldsraten som funktion af afstanden til spejlet. Dette
muliggør bestemmelsen af NV centrenes interne kvanteeffektivitet ved at tilpasse en
model til måledataen der inkluderer en beregning af den forventede henfaldsrateæn-
dring. Vi n̊ar frem til en kvanteeffektivitet p̊a 0.70±0.07 og 0.82±0.08 for NV centre
henholdsvis 4.5±1 og 8±2 nm under overfladen.

Sidst men ikke mindst har vi undersøgt nyligt opdagede lysstærke enkeltfotonud-
sendere i todimensionelt hBN. Ligesom med NV centre forventes det at kvanteud-
senderne best̊ar af krystaldefekter p̊a atomart plan, men deres sammensætning er
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endnu ikke fastlagt. I denne afhandling undersøger vi de fotofysiske eqenskaber
af enkeltfotonudsendere i hBN-nanoflager. Intensitets-autokorrelationsm̊alinger in-
dikerer tilstedeværelsen af mindst to metastabile tilstande, hvilket ses ved distinkt
fotonsammenklumpning p̊a lang tidsskala i g(2)(τ)-funktionen. Vi observerer ogs̊a
blinkende opførsel og viser, at det kan forklares ved ændringer i kvanteeffektiviteten.
Ved modellering af målingerne finder vi at transitionsraterne vokser lineært med ex-
citationsenergien.
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Chapter 1

Introduction

The present thesis describes the work I and colleagues conducted during a three
year period at the ‘Quantum Physics and Information Technology’-section at DTU
physics. The experimental work revolves around the photophysical properties and
dynamics of quantum emitters in the solid state. More precisely we investigate
nitrogen vacancy centers in diamond and the newly discovered emitters in hexagonal
boron nitride. To put the subject in perspective let us start with a brief historical
view of quantum physics.

More than a century ago in 1905, based on work by Max Planck, Albert Ein-
stein explained the photoelectric effect by suggesting that light comes in discrete
indivisible energy elements or ‘quanta’, such that light can be considered made up
of particles later called ‘photons’ [1]. This can be considered the starting point of
quantum theory, the theory that describe the governing physics at the atomic scale
of nature. In the following decades some of the greatest minds of physics developed
the theory and predicted properties such as superposition of states[2], the uncer-
tainty principle [3] and quantum entanglement[4, 5]. This period initiated the often
denoted ‘The first quantum revolution’ and paved the way for technical feats (for
better or worse) such as the transistor, the nuclear bomb, the laser and the computer
to name a few. Without this fundamental understanding of the laws of light and
matter at the quantum level we would not have had technologies with the level of
complexity as we have today; computers, smartphones and the internet are everyday
household items, and without them, society would arguably be very different.

For the last 50-years, the miniaturization of the integrated circuit has allowed
for an exponential increase in transistor density in processors. Typical smartphones
today hold billions of transistors in the processor as well as billions of capacitors and
transistors for memory and storage. However, the miniaturization of components
can not continue indefinitely partly due to the finite thickness needed for oxide layers
to electrically isolate individual components.

The idea of exploiting a many-particle quantum wavefunction to solve compu-
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CHAPTER 1. INTRODUCTION

tational problems, known today as a quantum computer, came in the first half of
the 80s [6–8]. Unlike the bit in a classical computer taking on values of either 1 or
0, a quantum computer builds on quantum bits or ‘qubits’ that exist in a superpo-
sition of 1 and 0. It should be noted that a quantum computer cannot be seen as
a direct replacement of the classical computer in the same way that the laser did
not replace the light bulb [9]. Quantum computers with a modest number of qubits
will be able to outperform even the largest classical supercomputer when solving
some specific problems, the often referred example being the factoring of large num-
bers [10]. With the increasing worldwide efforts to develop quantum computers and
other quantum technologies, in recent years we have entered ‘The second quantum
revolution’, where quantum theory in all aspects is being put to practical use more
than ever before. Many possible platforms are considered for realising the qubit.
One of these is the electronic spin found in color defects in diamond, where the
qubit can be encoded in the spin state. Similar technology can be used for quantum
communication where the encryption is fundamentally secured by the no-cloning
theorem stating that it is not possible to detect a quantum state and produce an
exact copy of it[11, 12]. This quantum key distribution protocol can be realised
using the polarization state of single photons for which reliable on-demand single
photon sources are beneficial.

The nitrogen vacancy (NV) center consisting of a substitutional nitrogen atom
adjacent to a carbon vacancy in the diamond crystal is an example of a stable and
controllable electronic spins system with great potential for quantum information
processing[13] as well as sensing applications. The NV center is optically active,
such that its discrete energy levels can be energized by incoming photons and the
subsequent relaxation results in emission of single photons. Furthermore, its elec-
tronic spin can be optically polarized and the emitted light bears information of
the state of the spin, which in turn is highly sensitive to external fields and other
spins within the crystal. And all of this works well even at room temperature. The
NV center has the disadvantage that it has a widely phonon broadened emission
spectrum. Other color centers in diamond, like the silicon-vacancy (SiV) and the
germanium-vacancy (GeV) have much narrower spectra and brighter single photon
emission, but lack the unique spin properties of the NV center. The high refractive
index and thus considerable internal reflection in diamond makes the escape of pho-
tons relatively inefficient. This poses a challenge for the NV center especially for its
use as a single photon source.

A new class of materials have recently emerged in the wake of the discovery
of graphene[14, 15]. These are the so-called 2D materials consisting of atomically
thin layers, strongly bound in the plane and held together by Van der Waals forces
between layers. Materials such as WSe2 and hexagonal boron nitride (hBN) have
been found to host room temperature single photon emitters with short lifetimes
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and narrow emission spectra[16, 17]. Due to the 2D structure of the host mate-
rials these emitters do not suffer under internal reflection and thus have potential
as stable and bright resources for single photons for quantum communication and
information processing. However, as these emitters are newly discovered many fun-
damental properties, such as the physical structure of the defects and their energy
level configurations are still unknown.

In this thesis, we investigate decay rate enhancement of NV centers in nan-
odiamonds on TiN with metamatetial properties, we explore the modification of
signal-to-noise ratio in spin readout by a decay rate enhancement and we apply a
Drexhage type experiment to determine the internal quantum efficiency of NV cen-
ters in bulk diamond [18]. We also examine the photodynamics of quantum emitters
in hBN nanoflakes.

The structure of the thesis is as follows. Chapter 2 introduces the properties
of the quantum emitters studied in this thesis as well as the theory used to model,
predict and interpret their behaviour in experiment. Chapter 3 finishes the intro-
ductory part of the thesis(which includes the present chapter) and describes the
experimental setup and technical details of our effort in the laboratory. Chapters
4 to 6 describe the experiment with plasmonic enhancement of fluorescence decay
rate of nitrogen-vacancy centers in diamond, where Chapter 6 is a reprint of our
work published in Optics Express in 2016[19]. In Chapter 7 our study of the pho-
tophysical dynamics of single photon emitters in hBN is presented in the form of a
submitted manuscript.
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Chapter 2

Background and theory

The following chapter aims at introducing background information and relevant
theory that underlines the work described in later chapters of the present thesis. We
go through the current knowledge of the two types of quantum emitters investigated
in this thesis, namely the nitrogen vacancy (NV) center in diamond and defects
in hexagonal boron nitride (hBN). The NV center is a well known and extensively
studied quantum system[20, 21], while the defect embedded in hBN has recently
received increasing attention due to its high rate of single photon emission [17]. The
last part of the chapter is about the modelling of such quantum emitters.

2.1 Nitrogen vacancy centers

Hundreds of optically active defects in diamond are known [22, 23], out of which
less than ten have been found to be single photon emitters [21]. Other than the NV
center these include silicon-vacancies (SiV) [24], germanium-vacancies (GeV) [25],
the nickel-nitrogen complex called NE8 [26] and tin-vacancies (SnV) [27] to name a
few. Since nitrogen is the most abundant impurity in natural diamond, NV centers
are also the most abundant optically active defects.

The NV center is an atomic defect in diamond that consists of a nitrogen atom
replacing a carbon atom in the diamond lattice neighbouring an empty lattice site
also called a vacancy. The NV axis is oriented along the 〈111〉 family of crystal
directions leading to four possible and equivalent orientations [28]. An illustration
of the NV center in diamond is presented in Fig. 2.1.

Apart from naturally occuring defects, NV centers can be artificially created
in diamond by ion implantation with nitrogen, which introduces nitrogen and can
displace carbon atoms in the lattice, creating vacancy sites. These vacancies will
migrate through the crystal upon thermal annealing, increasing the probability to
pair with nitrogen atoms to form NV centers [29, 30]. Diamond substrates can be
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CHAPTER 2. BACKGROUND AND THEORY

Figure 2.1: Illustration of the NV center in diamond. The NV center constitutes a nitrogen atom
(N) in a carbon lattice site with an adjacent lattice site vacant (V).

synthesized by chemical vapor deposition (CVD)[31] or HPHT-grown (high pressure,
high temperature)[32].

2.1.1 Electronic structure of the NV center

The NV center has two charge states which are both optically active single photon
emitters [33]. The neutrally charged NV0 is formed by three unpaired electrons
from the dangling bonds of the carbon atoms surrounding the vacancy and two un-
paired electrons from the nitrogen atom[34]. A sixth electron accepted by the NV
center from a nearby donor impurity forms the negatively charged state NV− [20,
35]. Instead of considering six electrons it can be useful to think of the equivalent
situation of the NV having two holes. The NV− center has a zero phonon line (ZPL)
transition at 637 nm (1.945 eV)[36], while the neutral NV0 has a ZPL at 575 nm
(2.156 eV) [37]. A detailed study of the photo-induced ionization dynamics reveal
that the conversion between these two stable charge states have a quadratic depen-
dence on the excitation power indicating a two photon process[35]. The maximum
steady state population of the NV− was found to be 75% with excitation around
510-540 nm. Thus under the commonly used excitation with 532 nm the NV center
will fluctuate between the two charge states and reside in the NV 0 state for at least
25% of the time. Vice versa red illumination efficiently bring the NV center into
the neutral state[38]. If not further indicated we will refer to the NV− state when
mentioning the NV center throughout this thesis.

Diamond in its pure form has the largest electronic bandgap of any element of
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2.1. NITROGEN VACANCY CENTERS
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Figure 2.2: Simplified diagram of the energy levels and transitions associated with the NV
center’s neutral (NV0) and negative (NV−) charge states in diamond [35]. The red (green) arrow
indicates that excitation with red (green) laser light increases the steady state population of the
NV0 (NV−).

Egap = 5.5 eV, meaning that no energy levels to be occupied by free electrons exist
in a band of this energy range. The presence of donor impurities such as nitrogen in
the crystal lattice can introduce discrete energy levels within the bandgap. The NV
center forms a ground state |g〉, an excited state |e〉 and an intermediate state |s〉,
also called the shelving state because of its relatively long decay time of Ts ∼300
ns [39]. The NV ground state lies 2.6 eV below the conduction band and 2.94 eV
above the valence band [35]. The excited state is 1.945 eV above the ground state
as illustrated in Fig. 2.2, where also the NV0 levels are indicated. Upon optical
excitation the excited state can couple radiatively to the ground state emitting a
single photon [40], or non-radiatively through the shelving state to the ground state.
The energy levels of the NV center are very well isolated electronically as well as
structurally within the diamond, making it an extremely robust quantum system
that is conveniently protected from the environment.

The ground and excited states are spin-triplet states, 3A2 and 3E, respectively
[41, 42], which means that the levels are split in three sub-levels. Two sub-levels
are nearly degenerate with ms = ±1 and one level has ms = 0, where ms is the spin
quantum number. The ms = ±1 and ms = 0 levels are separated by the zero-field
splitting Dg = 2.87 GHz (or 12 µeV) in the ground state and De = 1.42 GHz (5.9
µeV) in the excited state in the absence of an external magnetic field [43, 44]. The
shelving state |s〉 is a spin-singlet state with ms = 0 [41] consisting of two levels,
1A1 and 1E [39]. The level structure with spin sub levels is presented in Fig. 2.3.

7



CHAPTER 2. BACKGROUND AND THEORY

 {

{

{

Figure 2.3: Sketch of the energy diagram of the NV− center electronic level structure. Solid
arrows indicate radiative transitions while the dashed lines represent non-radiative transitions.
Green arrows indicate off-resonant excitation into vibronic bands indicated by shades above the
level and the red arrows are the radiative transitions. In the absence of an external magnetic
field, B = 0, the ms = 0 and ms = ±1 sub levels are split by Dg =2.87 GHz in the ground state
and De =1.42 GHz in the excited state. In the case B 6= 0, indicated by the grey area, the spin
sub-levels energy spilt is given by 2γeB.

The solid black arrows indicate radiative transitions that are spin conserving, while
dashed arrows indicate spin non-conserving and non-radiative transition. A caveat
here is that the transition through the singlet state is not strictly non-radiative as
it features infrared (IR) emission with a ZPL at 1.19 eV or 1046 nm [39]. However,
this line is far from the main radiative transition at 637 nm so that in most practical
cases will be outside the detection window and filtered out. In the presence of an
external magnetic field Zeeman interaction splits the spin sub-levels ms = ±1. If
the magnetic field is oriented along the main NV axis the splitting is proportional to
the magnetic field B by 2γeB, where γe is the gyromagnetic ratio of electrons [43].

2.1.2 Optical excitation and spin polarization

Excitation of the NV center occurs with the absorption of energy equal to or larger
than the energy difference of the ground and excited state ∆E = 1.945 eV. The
energy can be delivered by laser resonantly with a wavelength of 637 nm where
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Figure 2.4: Nitrogen vacancy center photoluminecence spectrum at 77 and 4 Kelvin. For the
lowest temperature the detection window has been shifted to also show the ZPL of NV0. The
oscillations in the data especially visible for wavelengths above 680 nm is a spectrometer artefact.

photon energies match the energy difference ∆E, through the relation

E = hf =
hc

λ
, (2.1)

where E is the photon energy, h is Plank’s constant, f is the frequency, c is the speed
of light in vacuum and λ is the wavelength. Often NVs are excited or ‘pumped’
off-resonantly with 532 nm laser light with photon energies of 2.33 eV. The pho-
toluminescent spectrum of the NV center emission under off-resonant excitation is
presented in Fig. 2.4 and shows a narrow ZPL at 637 nm and wide phonon side
band (PSB) roughly covering wavelengths 600-800 nm and peaking around 700 nm.

With off-resonant excitation the electron is excited into vibronic levels (indicated
by the shade gradient above the levels in Fig. 2.3) of the excited state and relaxes
to the vibrational ground state of |e〉 on a picosecond timescale [45]. The ZPL
corresponds to the transition from the vibrational ground state of the excited state.
However, the system can both gain and loose energy to the lattice by absorbing
or exciting vibrational lattice modes called phonons, giving rise to the PSB. From
the spectrum in Fig. 2.4 it is clear that phonon excitation is dominating since the
PSB is lower in energy compared to the ZPL. The ZPL only accounts for 3-5%
of the total emission which limits the direct use of NV center as source for single
indistinguishable photons. However, it is possible to increase this branching ratio
by coupling defects to optical cavities which can enhance emission into the ZPL
transitions [46–49].

The spin-selective nature of the possible transitions mean that if the excited
state is in ms = 0 it will most likely decay through the radiative channel to the
ground state with ms = 0 with a decay time of roughly Te ∼12 ns [50, 51]. If on the
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other hand the excited state is ms = ±1 it can decay to the ms = ±1 ground state,
however the probability to decay through the singlet state is increased compared
to the case of ms = 0 [52]. A decay time of Ts ∼300 ns is associated with the
1E →3 A2 transition, which decays predominantly to the ms = 0 state [39, 53,
54]. There are (at least) two important consequences of the optical cycle described
above. (i) The fluorescence intensity is dependant on the spin state, with brighter
emission for ms = 0 that for ms = ±1, meaning that the spin state of the NV
center can be read out simply by optical excitation and detection of fluorescence.
(ii) Continuous pumping of the optical cycle effectively polarizes the spin to ms = 0.
The spin-polarization occurs within a few µs of off-resonant excitation depending on
the power [55]. Both features are central for optically detected magnetic resonance
(ODMR) and various spin state manipulation and read out schemes.

2.2 Spin properties of NV defects

A spin system is usually characterized by the coherence decay times, which are the
timescales at which the prepared spin populations and coherences are preserved. In-
teractions between the spin and lattice phonons can cause spin flips and population
decay on a time scale characterized by T1 [56]. A spin prepared in a certain state re-
turns to a mixed spin state, also denoted a thermal state on this time scale [57]. The
transverse relaxation time T2 is associated with the preservation of spin-coherence
of a single spin and is caused by interaction with nearby spins. The intrinsically
electron-spin free lattice of diamond facilitates long spin coherence time (T2) in the
millisecond range [58–60] and even up to ∼0.6 s using dynamical decoupling se-
quences and ultra pure diamond at room temperature [61]. Spin coherence times of
NV centers outperform any other solid state quantum systems, making it a promis-
ing candidate for quantum information processing and . In the following we go a
bit further discussing the spin properties of the NV center and some of the basic
techniques to manipulate and measure the spin and applications in magnetic field
sensing.

2.2.1 Spin manipulation

As discussed above, continuous optical pumping at 532 nm will preferentially po-
larize the spin to the ms = 0 states and the NV center will be in the ground state
with ms = 0 at maximum 300 ns after pumping is stopped. The ground state with
ms = i will from here be denoted |i〉. Further control of the ground state spin can be
achieved by applying radiation resonant with the |0〉 ↔ |±1〉 transition to drive the
spin to oscillate between the two spin-states [62]. The zero field splitting is Dg= 2.87
GHz and thus microwave (MW) radiation is needed. MW radiation can be delivered
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Figure 2.5: Optically detected magnetic resonance (ODMR) of a single NV center in bulk dia-
mond with and without an external magnetic field. The diamond is implanted with 15N resulting
in a hyperfine splitting of the resonances seen as a double dip at the resonance frequency.

by applying an amplified alternating current (AC) electrical signal through a wire
placed near the NV center. The AC current in the wire then induces an alternating
magnetic field of the same frequency around the wire. Resonant structures such
as a split ring resonator can be used to deliver MW more efficiently by scaling the
dimensions of the structure to resonate at the desired range of frequencies.

Optically detected magnetic resonance

A sensing technique of the NV spin dynamics is ODMR where the NV center is
continuously pumped optically and a continuous MW field is applied with the fre-
quency sweeped across Dg while the red fluorescence is detected. Once the MW
frequency hits Dg population is transferred between ms = 0 and ms = ±1 and the
dark state transition through the singlet state will become more dominant resulting
in a decrease in red fluorescence [62]. In this rather simple way the exact energy
difference can be optically detected. An example of ODMR measurements with and
without an external magnetic field is presented in Fig. 2.5, where a single shallow
implanted NV center in bulk diamond is investigated. At zero external magnetic
field the resonance at 2.87 GHz is clearly double peaked with a split of roughly
∼3 MHz. This splitting can be explained by hyperfine interaction of the electronic
spin with the nuclear spin of the N atom given that it is 15N [63]. Introducing a
permanent magnetic field B0 splits the two levels in energy due to the Zeeman effect
as indicated in Fig. 2.3 and seen in Fig. 2.5 where the resonances are split by 0.1
GHz, which corresponds to ∼1.8 mT. The asymmetry of the splitting relative to the
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Figure 2.6: (Left) An example of optical spin state readout of a single NV center. The black
(red) trace shows the normalized time dependant fluorescence as a function of time when the spin
was initially prepared in the ms = 0 (ms = 1) state. The blue trace shows the contrast given by
the difference of the two fluorescence traces. (Right) Illustration of a scheme for preparing a spin
state and reading it out optically. Rabi oscillations are measured using this scheme by varying the
MW pulse duration, t.

case of no external magnetic field is due to the magnetic field oriented along the NV
axis with a small angle [64]. An additional magnetic field B1 (for instance one we
are interested in measuring) will further shift the resonances, increasing the energy
spilt if B1 is along B0 and decreasing if opposite. If the MW frequency is fixed to a
value given by the maximum slope of a specific resonance, the shift introduced by
B1 can be detected optically and the strength and direction of B1 can be inferred
[65]. In such a configuration the sensitivity to a change in B1 is directly related to
the slope (related to the linewidth ∆ν) and the contrast C of the resonance. The
higher the slope the higher the change in PL intensity given a change in B1.

Rabi oscillations

The coherent transfer of population between two energy levels in an atomic or quan-
tum system are called Rabi oscillations.1 The Rabi frequency is given by ΩR = Ω

2π
,

where Ω is the frequency of the Rabi oscillations [67]. A MW radiation pulse with a
pulse area Ωt = π, a so called π-pulse, applied to the NV center which is prepared
in the |0〉 state will flip the spin to the |±1〉 states. Likewise a 2π-pulse will flip the
spin to the |±1〉 state and back. The spin state of a two level system can generally
by described as

|ψ〉 = c0 |0〉+ c1 |1〉 , (2.2)

1Isidor Isac Rabi received the Nobel Prize in physics in 1944 ”for his resonance method for
recording the magnetic properties of atomic nuclei” [66].
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Figure 2.7: Example of a Rabi oscillation measurement of the same single NV center as in Fig.
2.5 and 2.6.

where ci are complex coefficients that describe the probability of being in the certain
level by the square of the absolute value of the coefficient. As probability dictates
the combined probabilities add to unity, |c0|2 + |c1|2 = 1. Applying a π/2-pulse
creates a coherent superposition of the two levels, where c0 = c1 = 1√

2
, given by

|ψ〉 =
|0〉+ |1〉√

2
. (2.3)

An example of spin state readout of a single NV center shallow implanted in
bulk diamond is presented in the graph in Fig. 2.6. The |0〉 state is prepared
by a 2 µs green laser pulse and after another 1 µs a readout pulse is applied and
detection results in the black trace. For the |1〉 a MW π-pulse is added after the
initialization laser pulse, polarising the spin to |1〉. Upon laser pulse and detection
the red trace is obtained. In each case the measurement sequence is repeated until
a desired fluorescence count level is reached. The pulse sequences of the laser, MW
and fluorescence detection is presented on the right in Fig. 2.6. The same scheme
is used to measure Rabi oscillations by recording the contrast as a function of MW
duration t [59]. An example of a Rabi measurement is given in Fig. 2.7, where each
point corresponds to a spin readout measurement with varying MW pulse duration
at the frequency resonant with the ms = 1 state.

2.2.2 Summary of NV properties

The NV center in diamond is a unique quantum system for the following reasons.
The electronic spin associated with the defect holds the record for longest spin
coherence at room temperature with T2 ∼ 1.8 ms [58]. Due to the spin selective
transitions to the dark state the spin state can be polarized to the ground state
by optical pumping, which is a crucial first step in spin state manipulation using
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MW radiation. Furthermore the spin state can be read out optically due to the spin
dependant fluorescence contrast provided by the dark state. The sensitivity of the
spin state to external magnetic fields and nearby nuclear or electronic spins makes
it a powerful system for sensing applications. In this context the atomic size of the
system gives potential for spacial resolution of similar order.

2.3 Hexagonal boron nitride

In this section we turn the attention to hexagonal boron nitride (hBN) which has
been found to host single photon emitting defects. Since the first isolation of single
layers of two-dimensional (2D) graphene, which was otherwise thought to be unstable
at room temperature[14], the family of 2D materials has been growing [15]. In
this context hBN found one of its main uses as an atomically smooth insulating
substrate facilitating high carrier mobility in graphene [68]. The discovery of high
rates of single photon emission in the visible range from hBN sparked an increasing
interest in the nano photonics communities [17], for instance due to its potential
use as a stable, bright and fast single photon source for quantum communication
and quantum processing. In addition, the 2D nature of the material allows for
more efficient extraction of photons compared to defects in diamond where total
internal reflection limits the efficient extraction of photons. Quantum emission from
other 2D materials such as tungsten diselenide (WSe2) at cryogenic temperatures
was also reported [69]. In the following we will discuss the material properties of
hBN, the nature of the quantum emitters and highlight some of the reported emitter
characteristics.

2.3.1 Electronic and optical properties

HBN is the most stable of three main allotropes of the crystalline phase of boron
nitride (BN) and resembles its carbon cousin graphite in structure with in-plane
covalent bonds in atomically thin layers held together by Van der Waals forces
[70]. The layers of hBN have a honeycomb lattice structure alternating between
boron and nitrogen atoms with a lattice constant of 1.45 Å, which almost matches
that of graphene with 1.42 Å [71]. The other main allotrope structures of BN are
wurtsite (wBN) and cubic (cBN), where the latter has a diamond cubic structure.
An illustration of the atomic structure of hBN is presented in Fig. 2.8. Similar
to graphene, hBN has a high thermal conductivity of around 400 Wm−1K−1, high
thermal stability [72, 73] and in-plane stiffnes of around 250 J/m2, second only to
graphene [74]. Unlike graphene which is a highly conductive semi-metal [14], hBN
is an electrical insulator with a wide band gap of 5.96 eV. The band gap is found to
be indirect and phonon assisted emission in the deep ultraviolet at 215 nm (5.8 eV)
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Figure 2.8: Ball and stick model of a single layer of hexagonal boron nitride. A crystal defect
that is a candidate for explaining the single photon emission is illustrated.

is observed, but no emission or absorption in the visible range is observed [75]. The
latter fact results in a white appearance hBN in powder form. The many similarities
with graphene/graphite explains why hBN is often called ’white graphene/graphite’

2.3.2 Quantum emitters in hBN

The first observation of single photon emission in the visible range from single and
multilayer hBN was reported in 2015 by Tran et. al. [17]. This was the first
demonstration of quantum light emission from a 2D material at room temperature.
Quantum emission from BN nanotubes (BNNTs), which can be considered as rolled
up sheets of hBN similar to carbon nanotubes, has since been reported [76, 77].
Quantum emitters in hBN have been observed in few layer nanoflakes [17, 78], high
purity bulk crystal [79, 80] and CVD grown monolayers [17, 81].

The quantum emission from hBN is thought to be due to atomic defects as
with NV centers in diamond for instance. This is supported by the fact that the
density of emitters can be increased by electron beam irradiation causing damage
to the crystal and by thermal annealing[82]. The precise atomic configuration of
the defect is not confirmed to this day. However, density functional theory (DFT)
calculation suggests vacancy related defects such as the anti-site nitrogen vacancy
NBVN in which a nitrogen atom sits in a boron lattice site adjacent to a vacant
nitrogen lattice site[17]. In a more recent study both negatively charged VB and
neutrally charged NBVN are found to be possible candidates by comparing DFT and
group theory results with experimental findings[83]. In yet another similar study a
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carbon-antisite defect, CBVN, is found to be a promising explanation showing good
agreement with experiments[84]. It should be noted that the defect responsible for
quantum emission is not restricted to a single configuration, several types of color
centers including the above mentioned can exist.

Regardless of the exact structure of the defects they exhibit single photon emis-
sion with saturation count rates up to 7 MHz in a typical confocal setup [85], which
is similar to the brightest diamond based defects reported [86]. The defects have a
short excited state lifetimes with a typical value in reports of τ0 ' 3 ns, but generally
covering the range of τ0 ' 1-8 ns [17, 80, 82, 87].

Photoluminescence spectra

Based on their characteristic photoluminescence spectra under off-resonant excita-
tion hBN quantum emitters two main groups have been identified and denoted ‘type
1’ and ‘type 2’ [82]. Type 1 emitters are characterized by a relatively broad and
asymmetric ZPL and pronounced PSB, while type 2 emitters show narrower sym-
metric ZPL and weaker PSB. For both types of emitters the PSB is red shifted
around 160 meV from the ZPL. An example of the two types of emitter spectra
is presented in Fig. 2.9a. For emitters in few layer nanoflakes these characteristic
spectra exhibit strong inhomogeneous broadening of the ZPL energies[82, 88]. The
spectra of 17 emitters found in hBN nanoflakes on a glass substrate is presented
in Fig. 2.9b sorted by the ZPL wavelength. The spectra shows a distribution of
ZPL wavelengths across more than 160 nm. In high purity crystal hBN similarly
two groups have been identified based on ZPL energy at 1.97 eV and 2.08 eV, with
much smaller broadening of ZPL position [80]. This can be seen as indication of the
2D nature of hBN, where emitters in few layer nano particles are much more de-
pendent on the local environment compared to similar emitters in bulk material. If
this is the case, the observed broadening certainly highlights the potential for broad
tuning of the emission wavelength by controlling the local environment. Along these
lines, strain tuning of the spectral emission of hBN over 6 meV/% applied strain
have been reported [85]. Also, surface passivation of the SiO2 carrier substrate with
Al2O3 has been shown to reduce spectral diffusion and blinking for CVD grown
multilayer hBN [89].

The ZPL has been reported to show a redshift proportional to the temperature
cubed, T 3, [78, 88, 90] and linewidth broadening following a T 3 [88, 90] and T 5 [78]
trend has both been reported, with linewidth as narrow as ∼27µeV at cryogenic
temperature under non-resonant excitation. The natural linewidth ∆ω of an emitter
is given by the Heisenberg time-energy uncertainty ∆ω ' ∆E

h
' (2π∆τ)−1, where

h is Planck’s constant, ∆E is the uncertainly of the excited state energy and ∆τ is
the corresponding time uncertainty and can be taken as the excited state lifetime.
With τ0 ' 1-8 ns the natural linewidth becomes ∆ω ' 0.66-0.1 µeV ' 159-20 MHz.
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Figure 2.9: (a) Emission spectra for type 1 and type 2 emitters in hBN. The emitters are found in
hBN nanoflakes dispersed on a glass substrate and excited with CW 532 nm laser at 0.5 mW power
before the focusing objective and showed similar count rates before normalization. (b) Example of
inhomogeneous broadening of hBN emission spectra. The spectra of 17 hBN emitters in nanoflakes
have been sorted by the ZPL position spanning roughly 540-720 nm in wavelength. The color scale
shows the normalized counts.

Under resonant excitation and cryogenic temperature spectral lines limited by the
natural linewidth has been observed consistently[91].

Level structure and quantum efficiency

The photoluminescent spectra gives a direct measure of the spacing of the ground
and excited energy levels, but the exact energy level structure of hBN quantum emit-
ters is unknown at the moment. Second-order correlation measurements revealing
clear photon bunching at varying time scales from hundreds of ns to several tens of
µs have been reported [80, 82]. Such behaviour can be explained by the involvement
of metastable state in the dynamics of the quantum system. In this way the second-
order correlation function can be used as an easily available, but indirect way to
examine the level structure. The photodynamics of emitters in high purity crystal
hBN have been analysed by modelling the g(2)(τ)-function based on a three-level
model assuming one metastable dark state. This allowed the extraction of radiative
and non-radiative transition rates and thus an estimation of the quantum efficiency
following the method described in [33]. The IQE was estimated to be near unity
since the extracted radiative rate is far greater than non-radiative rates [80]. In
[17] the three level model is extended by a power dependant de-shelving level and
the IQE is estimated at around 65%. Upon excitation of the same emitters with
three different laser lines the IQE has been found to be highly dependant on exci-
tation wavelength [92]. The modelling of emitters and the second-order correlation
function is discussed in detail in the forthcoming section 2.4 as it is central to our
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analysis of quantum emitters in hBN presented in Chapter 7.

2.4 Modelling the dynamics of quantum emitters

The ability to model the photodynamics of a quantum system from simple popula-
tion level models is a very strong tool for predicting and interpreting experimental
data. We now focus on basic rate equation modelling of quantum emitters and the
derivation of the second-order correlation function g(2)(τ) which is used to verify
the single photon nature of the emission from quantum systems and to study their
photodynamics at long time scales.

2.4.1 Three level model for NV centers

The NV center can be modelled as a three-level system consisting of a ground state,
|1〉, an excited state, |2〉, and a shelving state, |3〉. The ground and excited levels are
interconnected by a radiative transition with relaxation rate k21 and excitation rate
k12. The excited state relaxes with the non-radiative rate k23 to the shelving state
which is connected to the ground state by the non-radiative rate k31. This three-
level model sketched in Fig. 2.10(a) is a simplified version of the more complex (and
more accurate) model presented in Fig: 2.3, but it is sufficient and routinely used
for modelling the NV center. At room temperature and with off-resonant excita-
tion, quantum coherences decay at very fasts rates and are negligible in comparison
with transition rates between energy levels in the system. Also neglected are the
fast relaxation in the vibronic bands upon off-resonant excitation. The rate equa-
tions describing the three-level system dynamics are given by the three differential
equations

ρ̇1 = −k12ρ1 + k21ρ2 + k31ρ3 (2.4)

ρ̇2 = k12ρ1 − (k21 + k23) ρ2 (2.5)

ρ̇3 = k23ρ2 − k31ρ3 (2.6)

1 = ρ1 + ρ2 + ρ3 (2.7)

Here ρi is the population of level |i〉 and ρ̇i its time derivative. One additional
constraint is that the total population equal unity, given by the equation in Eqs.2.4.1,
meaning that the system will be in one of the states at any time [93]. Transitions
from |1〉 to |3〉 and from |3〉 to |2〉 have here been neglected.

Steady state solution

If the system is pumped by a continuous wave (CW) laser the level population
reaches an equilibrium The steady state solution to Eqs. 2.4 can be obtained easily
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Figure 2.10: (a) Illustration of the three-level model and the transition rates that was use to
model the NV center under non-resonant excitation and room temperature. (b) Fluorescence as
a function of excitation power for a single Nitrogen vacancy center in a nano diamond. The data
is fitted with a saturation curve resulting in a saturation power Psat =1.38 mW and a maximum
fluorescence of I∞ = 101.8 kcps, both indicated by dashed lines. The linear background component
b is 0.

by solving for ρ̇i = 0. Such a solution is, for instance, useful for estimating the
fluorescence as a function of excitation rate. We are most interested in the steady
state population of the excited state ρss2 , which is found to be

ρss2 =
k12

k21 + k23 + k12(1 + k23
k31

)
. (2.8)

From this we can find the rate of photon emission, I, as

I = ρss2 k21. (2.9)

As the excitation rate k12 is proportional to the excitation power this leads to a
saturation behaviour of the fluorescence rate as a function of excitation power [93].
Indeed the fluorescence of an NV center saturates as seen in Fig. 2.10 where the
fluorescence counts as a function incident laser power is plotted for a single NV
center in a nano diamond. The data points are the count rate averages over 50 ms
and the solid line is a saturation fit of the type

Idet =
I∞P

Psat + P
+ bP, (2.10)

where I∞ is the maximum count rate in the high limit, Psat is the excitation power
at which Idet = I∞

2
and bP is a linear background contribution. The saturation in

counts is explained by the lifetime of the excited state becoming a limiting factor
for the rate of photon emission. In addition the shelving state |3〉 also imposes a
limit on the fluorescence rate due to its long lifetime. In this way the observation of
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saturation behaviour in the fluorescence is a merit of a quantum emitter. However,
it is not a measure sufficient to verify single photon emission. For this we can use
the second-order correlation function described in the following.

2.4.2 Photon bunching and anti-bunching

The statistical properties of the light fluctuations of a single emitter are characterized
by the second-order autocorrelation function, g(2)(τ).

This type of measurement can be achieved by splitting the beam into two sepa-
rate detection paths where the detectors are connected to the same counting device
with high time resolution. Such a device is called a Hanbury-Brown and Twiss
(HBT) interferometer and is described further in Chapter 3. The second-order au-
tocorrelation function is given by

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2 , (2.11)

where the brackets 〈...〉 denote the average of the time dependant intensity I(t). At
the quantum level the second-order correlation function can be seen as the prob-
ability of measuring a photon at time t + τ given that a photon was detected at
time t. A classical electromagnetic field is characterized by photon ’bunching’ which
means that nothing prevents photons from arriving simultaneously at the detectors
in numbers of two or more photons. This puts some boundaries on the values of the
autocorrelation function for classical light, namely[93, 94]

1 ≤ g(2)(τ) ≤ g(2)(0). (2.12)

Simply put there is a finite probability of detecting correlated photons at short
timescales for fluctuating light fields. At longer delay times no correlations occur
and the g(2)(τ) values goes to unity.

A three-level quantum system only emits one photon per excitation cycle with
a limit on the minimum time between two photons given on average by the time
is takes to excite it and the lifetime of the excited level i.e. (k12 + k21)−1. As a
consequence the probability of detecting two or more photons simultaneously is zero
and the autocorrelation value at zero time delay is zero for an ideal single emitter

g(2)(0) = 0. (2.13)

The value rises for increasing delay times and forms an ’anti-bunching’ dip the
g(2)(τ), which is thus a proof of single photon emission. The limiting value of the
second-order correlation function for single photon emission is usually stated as
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Figure 2.11: Second-order correlation measurements of a single NV center in a nano diamond on
a glass substrate. The NV center is the same as presented in Fig. 2.10, and the excitation powers
correspond to 0.15 and 0.73 Psat. The data has been smoothed for clarity. The solid lines through
the data indicate a fit with the background corrected

g(2)(0) < 1/2 [95]. In relation to the three-level model an expression for the second-
order correlation function can be found by normalizing the time dependant excited
state population by the steady-state population [93, 94]

g(2)(τ) =
ρ2(τ)

ρ2(∞)
. (2.14)

The time dependant evolution of the population of the levels can be found by solving
the rate equations analytically. A detailed derivation of the g(2)(τ)-function for a
three-level system and the extraction of transition rates ki are presented in refs.[33]
and [93], and result in

g(2)(τ) = 1− (1 + a) exp(−τλ1) + a exp(−τλ2), (2.15)

where a, λ1 and λ2 are given by

λ1 ' k12 + k21 (2.16)

λ2 ' k31 +
k12k23

k12 + k21

(2.17)

a ' 1 +
k12k23

k31(k12 + k21)
(2.18)

To arrive at this result the assumptions has been made that (k21, k12) � (k23, k31)
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[33]. From Eq. 2.16-2.18 we can derive

k21 ' λ1 − k12 (2.19)

k31 '
λ2

a
(2.20)

k23 '
λ1λ2(a− 1)

ak12

, (2.21)

which gives us three equations with four unknowns, k12, k21, k23 and k31. The sim-
plest way around this is to assume that the spontaneous emission rate k21 is constant
and not changing with power. The rates can then be determined by recording the
g(2)(τ)-function as a function of excitation power. From Eq. 2.19 we see that in the
limit of small excitation power we have 1/t1 ' k21, making it possible to determine
the remaining transition rates.

In measurements g(2)(0) = 0 is rarely realised due to background fluorescence
from the medium in which the emitter sits. The signal-to-background can be esti-
mated as σbg = I/(I + bP ), where I is the signal we are interesting in and bP is the
linear background obtained from the fit (Eq. 2.10) to the saturation measurement.
Assuming Poisson distributed background noise the data can be corrected as in Ref.
[96] or simply included in the fit of the measured g(2)(τ) to give the following fitting
function

g
(2)
fit (τ) = 1− σ2

bg + σ2
bgg

(2)(τ) (2.22)

The signal-to-background σbg takes values between zero and unity and can be re-
garded as a measure of the probability that a detected photon stems from the quan-
tum system and not the background. For quantum emitters with short lifetimes
comparable to the resolution of the setup, given by the instrument response func-
tion (IRF) the anti-bunching dip can also be too narrow to resolve properly. We
will deal with this issue later in this chapter.

The second-order correlations for an NV center in a nano diamond (the same
as in Fig. 2.10) at excitation powers 0.15 and 0.73 Psat is presented in Fig. 2.11.
The data has been fitted with 2.22 indicated with lines in the graph. For both
powers anti-bunching is clear and below the single-photon limit indicated by the
dashed line. With excitation power close to saturation also bunching is observed
as g(2)(τ) > 1. As discussed earlier this bunching behaviour is due to the shelving
state |3〉 periodically ’trapping’ the population leading to dark periods.

N-level systems

The three level model has proven useful for satisfyingly modelling the g(2)(τ) for NV
centers [33, 40, 96], GeV centers [25] and SiV centers [86, 97]. However for emitters
in hexagonal boron nitride the measured g(2)(τ) in some cases shows bunching at
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Figure 2.12: (a) Illustration of the N-level model used to account for bunching in g(2)(τ) on
multiple timescales. In this example four levels are included (b) The instrument response function

used to convolute the g
(2)
fit (τ) for emitters with short excited state lifetime.

long time scales not accountable for with three levels. This indicated the presence of
additional metastable states with lifetimes in the µs range far exceeding the lifetime
[79, 82], such that the three-level model does not suffice. Here the g(2)(τ) has been
fitted with a modified version of Eq. 2.15, where extra exponential terms have been
added until a satisfying fit was achieved. The characteristic time argument of the
added exponentials are associated with the lifetime of each metastable state. While
giving insight into the lifetime ti of the i’th additional metastable level this type
of fitting does not account for the relation between g(2)(τ) fit parameters and the
transition rates to and from these levels, as in Eqs. 2.16-2.18. As with the three-
level model these relations are found by the analytical solution for g(2)(τ). With
more than three-levels in the model the analytical solution becomes exceedingly
cumbersome, and we most turn to numerical solutions. Numerical solutions of rate
equation systems with up to 8 metastable states has also been applied to analyse
the g(2)(τ) for InAs quantum dots [98]. Indeed, we also observe complex emitter
dynamics with bunching when measuring the g(2)(τ) of quantum emitters in hBN,
indicating at least two metastable states. Our efforts to model this dynamics is
described in the submitted paper presented in Chapter 7. In this study we measure
the g(2)(τ) for a range of excitation powers and model additional metastable states
as connected with non-radiative transitions from the excited state k2N and to the
ground state kN1. The model is illustrated in Fig. 2.12(a). The rate equations for
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the N-level model simply becomes

ρ̇1 = −k12ρ1 + k21ρ2 +
N∑

i=3

ki1ρi, (2.23)

ρ̇2 = k12ρ1 −
(
k21 +

N∑

i=3

k2i

)
ρ2, (2.24)

ρ̇i = k2iρ2 − ki1ρi, (2.25)

...

˙ρN = k2Nρ2 − kN1ρN , (2.26)

1 =
N∑

i=1

ρi. (2.27)

The rate equations are then solved numerically in Matlab to the second-order cor-
relation function as in Eq. 2.14. The process is done iteratively to minimize the
difference between the measured g

(2)
m (τ)m and the fit g

(2)
fit (τ) until the solution has

converged. Due to the fast decay rates of emitters in hBN we include in the fit a con-
volution with the instrument response function (IRF) in addition to the background
correction. The fitting function then becomes

g
(2)
fit (τ) = 1− σ2

bg + σ2
bgg

(2)
conv(τ), (2.28)

where the convolution with the IRF is given by g
(2)
conv(τ) =

∫∞
−∞ g

(2)(τ)IRF(τ − t)dt.
The IRF is estimated from an HBT measurement of the reflection of a short laser
pulse from the glass substrate in the setup. The measured IRF is presented in
Fig. 2.12(b) together with a Gaussian fit. The duration of one laser pulse is in the
picosecond range and thus the width of the IRF shows the time resolution limits
of the setup. From the fit in Fig. 2.12(b) we extract a full-width-at-half-maximum
(FWHM) of 0.81 ns. As a consequence when the width of the anti-bunching dip in
a g(2)(τ) measurement becomes comparable to the IRF FWHM the g(2)(0) level is
increased.

2.4.3 Quantum efficiency

The internal quantum efficiency (IQE) is a measure of the efficiency of a quan-
tum system to dissipate the excited state energy upon excitation through emission
of photons as opposed to other non-radiative transition. An ideal single photon
source, comprised of a two-level quantum system would have an IQE of unity, but
unsurprisingly the addition of non-radiative transitions to and from a shelving state
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reduces the IQE, which is given by

IQE =
Γrad

Γrad + Γnrad

(2.29)

where Γr is the total of radiative decay rate and Γnr the total of non-radiative decay
rates [93]. Thus for the three-level model the IQE becomes

IQE =
k21

k21 + k23

. (2.30)

This holds under the assumption that all non-radiative dissipation from the excited
state is accounted for by the transition rate k23.

2.5 Quantum emitters near interfaces

In this section we shall consider the mechanisms that determine the decay rate of
an excited quantum emitter and the decay rate enhancement that can be achieved
by tailoring the local environment. An enhancement of the radiative decay rate of a
quantum emitter is desirable for single photon sources because it will decrease the
waiting time for emission of a single photon after excitation. The controlled varia-
tion of the local environment can also be useful to study the characteristics of the
emitters themselves. An example of this is our published work presented in Chapter
6, where we measure the modified total decay rate of NV centers as a function of
distance to a metallic interface, from which we determine the IQE. In this section
we will first go through some of the physics involved before discussing the methods
to calculate the decay rate of an emitter close to an interface.

A classical radiating dipole is described by a oscillating charge distribution pro-
ducing an oscillating electric field and can be modelled as a harmonic oscillator. The
oscillation and thus radiation of such a dipole depends strongly on the electromag-
netic field at its point-like location. Placing a dipole emitter near a reflecting surface
influences the radiated power by the dipoles own reflected field. The influence can
be both constructive and destructive depending on the distance to the interface and
the angle of emission considered [18, 93]. Although dipole radiation is a classical
phenomenon and the total radiated power P is not equivalent to the spontaneous
decay rate of a quantum emitter γ, the relative change of the rates is the same [93]
with the relation:

P

P0

=
γ

γ0

, (2.31)

where P0 and γ0 are the free space values in a homogeneous interface free environ-
ment. This is an important result that allow us to calculate the rate modification
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Figure 2.13: An illustration of the layered structure used to calculate the total radiated power
of the emitter. The thickness of layer i is denoted by di and the index of refraction by ni. The
distance from the surface of the dipole is denoted ddip. In the calculation d1 is varied to observe
the change in decay rate as a function of distance to the metal interface.

of a quantum emitter by classical means. In the following we present a method for
calculating the decay rate of a dipole in an environment with partially reflecting
and/or absorbing media in the classical picture.

2.5.1 Classical description

The light emission from an electrical dipole near planar dielectric interfaces based on
electric field interference calculations has been described by Lukosz et al. [99–101],
and expanded upon by Neyts[102]. The method has also been used to determine
the decay rate of emitting molecules near planar surfaces [103, 104]. We adopt here
the method of Neyts to calculate the decay rate of an emitter sitting close to the
surface inside a bulk diamond with a metal interface separated from the diamond
surface by a small distance. A detailed description of the method for an arbitrary
number of layers is found in [102], here we give only examples of the calculation for
such structures.
The basic principle is to calculate the total generated power by a dipole taking
into account all transmission and reflection coefficients at interfaces of media with
different index of refraction. This is done by calculating the power density K(κ),
which is the angular power density per unit dκ2. In this way the dipole field is
decomposed into plan waves described by the k -vector, κ. Each κ represents an angle
of emission from the dipole for which the total reflection and transmission coefficients
are calculated taking into account all interfaces in the structure. Integrating K over
all k -vectors then gives us the total radiated power relative to the same for an emitter
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Figure 2.14: Calculated decay rate modification of a dipole in diamond 5 nm below the surface
as a function of d, where d is the distance from diamond surface to an aluminium interface above.
The results are show for a dipole oriented horizontally and vertically with respect to the interface
and a dipole with angle θ = 54.7 ◦ with respect to the z-axis. (a) The total radiated power as a
function of d normalized to the case where d→∞. (b) The normalized lifetime as a function of d.

in an infinite medium

F =

∫ ∞

0

K(κ)dκ2, (2.32)

where F is the total radiated power. In the calculation, transverse magnetic (TM)
and transverse electric (TM) fields are calculated independently and we have K(κ) =
KTM + KTE. The expressions for KTM and KTE depend on the orientation of the
dipole with respect to the interfaces. In diamond with a (100) surface orientation
the NV center makes an angle of θ = 54.7◦ with respect to the surface normal. This
can be accounted for simply by the weighted sum of a parallel (‖) and perpendicular
(⊥) dipoles in respect to this angle (or any arbitrary angle),

KTM
θ = KTM

⊥ cos2θ +KTM
‖ sin2θ. (2.33)

An example of the factor F = P/P0 as a function of distance to metallic and di-
electric interfaces is presented in Fig. 2.14(a) for vertical, horizontal and angled
dipoles for the structure illustrated in Fig. 2.13. The result is given for an emitter
in diamond (n = 2.41) with infinite extend in the negative z-direction and a dia-
mond/immersion oil (noil = 1.5) interface 5 nm above the dipole in the positive z-
direction. The metal is aluminium (nAl = (−60.41+25.14i)1/2)2 of infinite extend in
the positive z-direction. The normalized lifetime corresponding to τ/τ0 = (P/P0)−1

is presented in Fig. 2.14(b). Two features are evident from the graphs. First that
the lifetime oscillates with the distance. Comparing vertical and horizontal dipoles
we see that the oscillations are larger in amplitude for the horizontal dipole. This

2Value from https://refractiveindex.info/?shelf=3d&book=metals&page=aluminium
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fact is seen clearly in the inset of Fig. 2.14a. Intuitively this makes sense when con-
sidering the field distribution of a radiating dipole [93]. In the far-field the radiation
is directed mostly orthogonal to the dipole orientation, meaning that a horizontal
dipole will emit mostly in the z-direction and the field strength falls off as 1/r,
causing strong reflections and interference at the emitter location. Vice versa the
vertical dipole will emit mostly in the yx-plane along the interfaces and thus re-
flections at the emitter location will be less. The second observation is that the
lifetime goes toward zero at short distances (d≤100 nm) between dipole and mirror.
This can be explained by near-field radiation coupling to surface plasmons in the
metal [104]. The near-field component is distributed mainly along the dipole axis
and fall of 1/r3, which explains why the lifetime modification is less pronounced for
the vertical dipole at large mirror distance.

2.5.2 Purcell enhancement and IQE

In the study presented in Chapter 6 we measure the total decay rate of NV centers
a function of distance to a mirror[19]. The Purcell factor only affects the radiative
transitions of the quantum system, thus we can write the modified total decay rate
as

1

τ(d)
= Γ̃tot = ΓradF + Γnrad, (2.34)

where τ(d) is the measured distance dependant lifetime. The relative change in total
decay rate is given by

Γ̃tot

Γtot

=
ΓradF + Γnrad

Γrad + Γnrad

. (2.35)

Rearranging a bit and identifying the IQE we can write

Γ̃tot

Γtot

=
ΓradF

Γrad + Γnrad

+
Γnrad

Γrad + Γnrad

(2.36)

= FηIQE +
Γtot − Γrad

Γrad + Γnrad

(2.37)

= FηIQE + 1− ηIQE = 1 + ηIQE(F − 1). (2.38)

From the last expression we get

Γ̃tot = Γtot

[
1 + ηIQE(F − 1)

]
⇒ τ(d+ d0) = τ0

[
1 + ηIQE(F (d)− 1)

]−1
, (2.39)

which is the fitting function used in the experiment with the fitting parameters
t0, ηIQE and d0. The parameter d0 is introduced to account for the finite minimal
separation of the mirror and diamond achieved in experiment.
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Chapter 3

Experimental setup and
techniques

3.1 Experimental setup

All optical characterizations were done using a home build confocal microscope. In
a confocal microscope the sample is illuminated by a point source and a pinhole is
placed in the conjugate focal plane before the detector. This effectively reduces the
collection volume by blocking light that is out of focus from detection, resulting in
a higher spatial resolution compared to a wide-field microscope. This is a crucial
tool when imaging dim microscopic objects such as color centers in diamond.

3.1.1 Confocal microscope

A schematic illustration of the microscope setup is presented in Fig. 3.1. Two
sources of linearly polarized laser light are available in the setup. One is a 532 nm
pulsed laser (PL) from Fianium with 5-80 MHz repetition rate and pulse width of
4-6 ps full-width at half-maximum (FWHM). The other is a 523 nm continuous
wave (CW) laser with an output power of 30 mW. The outputs of the two lasers are
combined on a beam splitter into the same optical path through a half-wave plate
(HWP), a polarizing beam splitter (PBS) and another half-wave plate. The two
HWPs are held in mounts that allow for rotation around the optical axis, making
it possible to adjust laser attenuation with the first HWP and output polarization
with the second. The green laser is guided through a microscope objective and
focused onto the sample under investigation. The objective lenses used are either an
Olympus 1.4 NA 100x oil immersion objective, an Olympus 0.9 NA 60x air objective
or a 0.7 NA 60x air objective with an adjustable collar that can be used to adjust
for aberrations when imaging through glass substrates of 0.1-1.3 mm thickness.
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Figure 3.1: Simplified overview of the confocal microscope used for characterization of quantum
emitters. (PL) Pulsed laser, 523 nm. (CW) Continuous wave laser, 523 nm. (AOM) Acousto-
optic modulator. (HWP) Half-wave plate. (PBS) Beam splitter. (DM) Dichroic mirror. (APD)
Avalanche photodiode. (FM) Flip mirror. (CCD) Charge-coupled device camera. (DL) Delay line.
(TAC) Time-to-amplitude converter. (DAQ) Data aquisition card. (RF) Radio frequency antenna.

The objective is mounted on a one axis stage to allow for rough focusing to the
sample. The sample is placed above the objective on a three axis piezo-stage (Nano-
T nanopositioner from Mad city labs) that has a scanning range of 200x200 µm2 in
the xy-plane and 50 µm in the z-axis for fine tuning the focus. The piezo-stage is
mounted on an xy-axis manual micropositioner stage with several cm range in both
directions. Reflected light and fluorescence from the sample is collected through the
same objective and split in two detection arms using a 50-50 beam splitter (BS).

In the first detection arm the collected light meets a dichroic mirror (DM) that
reflects green light and pass red light. The red light is focused onto a pinhole,
filtered and refocused onto an avalanche photodiode (APD) from Perkin-Elmer. A
532 nm notch filter is always in place, and additional filters are used depending on
the emission spectrum of the sample under investigation. For NV centers we use
long pass 647 nm and short pass 785 nm to detect the PSB emission. The second
detection arm has the same basic configuration, and both detection systems are
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fitted in boxes (indicated by grey shading in Fig. 3.1) to reduce background light
impinging on the single photon sensitive APDs.

The signal from the two APDs are split and connected to a time-to-amplitude
converter (TAC), a PicoHarp 300 from PicoQuant that can time detection events
with 4 ps resolution on two individual and identical channels, and to a data aquisition
card (DAQ) from National Instruments. A delay line of several meters is introduced
for APD 2 resulting in a delay of ∼135 ns in the detection of simultaneous events.
The configuration where the fluorescence is divided to two detection paths is called
a Hanbury Brown and Twiss (HBT) interferometer, which is the standard setup for
measuring second-order correlation[105].

To obtain a fluorescence map of the sample under investigation, it is simply
scanned across the focused beam and the fluorescence is detected by APD 1, recorded
by the DAQ and plotted in Labview. A motorized flip mirror after the pinhole in the
second detection arm redirects the fluorescence to a spectrometer (Andor Shamrock
SR-500i). Another flip mirror directs the light to a Thorlabs USB camera (CCD)
used for rough focusing and sample navigation.

3.1.2 Intensity correlation

Intensity correlation or second order-correlation is performed in time-tagged-time-
resolved (TTTR) mode, in which all detector events are recorded on the two channels
for a certain predefined time interval. The resulting file is a binary string containing a
time tag and a channel tag of each detector event with 4 ps resolution. To obtain the
g(2)(τ)-function the data is read and correlated in Matlab, where the binning interval
and delay time are set. As this method creates a data entry for each detection event
it accumulates into massive data files. Alternatively, the intensity correlation can
be performed in ‘start-stop’-mode also called histogram mode. Here a detection
event in APD 1 acts as trigger to start the timing, and a subsequent detection
event in APD 2 stops the timing. The delay time between the two events is then
plotted in a histogram, that becomes equivalent to the g(2)(τ)-function once properly
normalized to a g(2)(τ)-value of a Poissonian light source. While being faster and
giving a direct estimate of the g(2)(τ)-function without the need for post processing
data, this method is subject to ‘pile-up’ at high photon rates, meaning that the
probability of detecting photons falls off with longer delay time, making proper
normalization impossible. Thus the ‘start-stop’ method is generally only valid for
short delay times and low excitation powers. We used the ‘start-stop’ method for
screening emitters and the TTTR method for precise characterization of the g(2)(τ)-
function.
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3.1.3 Spin measurements

For spin manipulation experiments a signal generator (Stanford research systems,
SG394) is used to generate radio frequencies (RF), which are then amplified and
directed to an resonator antenna that emits MW energy in the vicinity of the sam-
ple. An AOM (Isomet 1250C) is used to switch the excitation on and off, for spin
polarization and readout sequences. The signal generator and AOM are connected
to the PC and controlled using the Labview interface.

3.1.4 Lifetime measurements

For lifetime measurements the pulsed laser is connected to the TAC on one channel
and APD 1 on the other channel. In this case the ‘start-stop’ mode works perfectly
for correlating the pulse arrival times and detector events, where a laser pulse triggers
start and a detection event triggers stop. If a single quantum emitter is under
investigation the resulting histogram of photon arrival times describes the temporal
decay of the exited state and follows an exponential decay profile

I(t) = I0exp(−t/τ), (3.1)

where τ is the characteristic lifetime and I0 is the peak fluorescence level. Each
excitation pulse is extremely short (4-6 ps) compared to transition times involved
in common solid state quantum systems (roughly in the range 1-10 ns, for SiV, NV
and HBN emitters). This means that the emitter is only excited once per laser pulse
and that the lifetime should not vary with excitation power.

32



Chapter 4

Purcell-induced modification of
spin readout

4.1 Introduction

This chapter is dedicated to our experimental study of the modification of spin
readout signal-to-noise ratio (SNR) of NV centers by a Purcell-enhancement. For
quantum emitters a Purcell enhancement is usually desired due the resulting en-
hancement of the stream of photons and thus increase in SNR for the same readout
time. However, for NV center spin state readout the spin contrast is the result of
the balance of spin selective radiative and non-radiative transition rates. In this
case a Purcell enhancement can diminish the difference in spin state brightness and
decrease the spin contrast [106, 107]. The purpose of this study is to experimen-
tally assess the effect of a Purcell enhancement on the SNR of spin state readout
measurements and to predict the development of the SNR under large Purcell factor.

Our approach is to first characterize shallow implanted single NV centers in a
bulk diamond in terms of spin readout at varying excitation power levels. We then
deposit a 300 nm thick layer of silver on the diamond to achieve an enhancement
of the radiative decay rate, and repeat the characterization of the exact same NV
center under similar conditions. We model the spin readout using a five level model
taking into account the spin sublevels and spin selective transitions to the shelving
state. We can then use the extracted rates with and without a Purcell enhancement
to explore the effect of changing the Purcell factor further.
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Figure 4.1: (a) Sketch of the experiment to modify Purcell factor of a chosen well-defined NV
defect in a bulk diamond sample. First, a diamond sample is investigated and individual NV defects
are mapped and characterized. Subsequently, a thick layer of metal (silver, 300 nm) is deposited and
the same NV defects are found and characterized in the modified optical environment. (b) Energy
levels and transition rates assumed in modelling of the NV defect.

4.2 NV characterization with and without Purcell

enhancement

The sample is a single-crystal electronic grade diamond from Element6 of dimensions
2 mm x 2 mm x 0.3 mm. It was implanted with 15N+ at 7.1 keV with a dose of 109

cm−2 and annealed at 900◦ for 2 hours. These procedure parameters were chosen to
result in single isolated NV centers at a depth of around 10 nm below the diamond
surface. The bulk diamond was placed on a thin glass substrate with the surface
with implanted NV centers facing up. The glass and diamond was placed above
an aperture in a planar split ring resonator fabricated on a PCB board used to
deliver MW radiation. The PCB board was then fixed to the piezo-scanner stage
in the confocal setup, such that we images through the glass and bulk diamond
as sketched in Fig. 4.1(a). For imaging we use a 0.7 NA and 60x magnification
Olympus microscope objective with adjustable aberration correction, designed to
correct for imaging through glass substrates.

The sample was scanned with 532 nm CW excitation and several single emitters
were characterized before silver deposition. Suitable emitters should exhibit single
photon character (g(2)(0) < 1/2) and be well isolated from other sources of fluores-
cence such as other NV centers. We note the distance from the scanned area to a
structural marker on the diamond in order to find the same area after deposition of
silver. Confocal scans of the same area before and after silver deposition are pre-
sented in Fig. 4.2(a) and (b). The images are acquired with the same optical power
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ENHANCEMENT

(a) (b)

Figure 4.2: Scanning confocal microscopy images of a diamond area (size 40×40 µm) containing
the studied NV defect implanted 10 nm below diamond surface (a) before and (b) after silver
deposition. The single NV center is indicated by a red circle in both cases. The white polygons
indicate structures that are useful to convince oneself that the we are characterizing the same single
NV.

and are plotted on the same color scale. We clearly see several bright spots after
deposition not visible before. The bright spots could be due to contaminants from
some part of the post processing. At least some bright spots appear in places with
no counterpart in the scan before silver deposition. We investigate the single NV
center indicated by a red circle in Fig. 4.2(a) and (b). The white polygons indicate
structures that help to confirm that we are indeed imaging the same area and the
same NV center.

We first consider the fluorescence as a function of excitation power to extract the
saturation power Psat, maximum fluorescence I∞ and the linearly power dependent
background b. The saturation curves before and after silver deposition are plotted
in Fig. 4.3(a). The solid lines indicate the fit with background, while the dashed line
indicates the fit with background subtracted. From the saturation curves we find a
substantially larger background contribution in the presence of silver which is not
surprising since many types of metal exhibit broadband fluorescence. By subtracting
the linear background components we find that the fluorescence is very similar in
both cases. We observe a reduction of the saturation power from ∼4.6 to ∼2.6 mW
with the addition of the silver. The fitted parameters from the saturation curves are
summarized in Table 4.1. The total decay rate of the excited state measured before
and after silver deposition is presented in Fig. 4.3(b). We fit the tail of the lifetime
traces with a double exponential decay function given by

I(t) = aexp(−t/τ1) + bexp(−t/τ2) + c (4.1)
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Table 4.1: Fitting parameters from the saturation measurements and the lifetime measurements
with and without silver.

Psat (mW) I∞ kHz b (kHz/mW) τ1 (ns) τ2 (ns)
No silver 4.6±0.2 53.5±2 0.2±0.06 1.1±0.1 14.8±0.5

Silver 2.6±0.2 46.4±2.4 1.3±0.1 0.3±0.1 6.1±0.1

where τ1 and τ2 are the time constants and a, b are the corresponding amplitudes.
The fitted parameters from lifetime measurements are summarized in Table 4.1. The
presence of the silver clearly reduced the lifetime of the emitter significantly, proving
that we have achieved a total decay rate enhancement of roughly ∼2.4. The fast
component τ1 accounts for the fast decay within the first few ns which we attribute
to fluorescence from the silver.
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Figure 4.3: Characterization of the NV center before and after silver deposition. (a) Fluores-
cence as a function of excitation power. The solid lines are the fits to a saturation curve with a
linear power dependent background. The dashed line indicates the same fit with the background
subtracted. (b) Lifetime measurements showing a clear reduction of the total decay rate of the
excited state. The numbers indicate the main lifetime component of a double exponential fit
indicated by solid lines in contrast colours.

4.3 Spin state readout

To estimate the maximum signal-to-noise ratio of spin read out we need to be able
to prepare the spin in an arbitrary spin state of ms = 0 and ms = ±1. The
ms = 0 state is obtained by cycling the transitions by continuous optical pumping
(as discussed in section 2.2); here we use a 5 µs pulse of CW 532 nm excitation to
polarize the spin to ms = 0. To prepare the spin states ms = ±1 we need to know
what MW frequency to apply and what duration of the pulse to use. We first apply
an external magnetic field by directing the field from a strong permanent magnet
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Figure 4.4: Spin measurements with and without silver. (a) ODMR spectrum showing fluo-
rescence dips corresponding to resonances with both spin states ms = ±1. The traces have been
normalized and the data from the case with silver has been shifted up for clarity. (b) Measure-
ment of Rabi oscillations to determine the pulse duration needed to prepare a certain spin state.
Without (with) silver the frequency applied is 2.8103 GHz (2.9595 GHz) to drive the ms = −1
(ms = 1) state. Solid lines indicate fits with a damped sine function.

along the NV axis. We measured the fluorescence under CW excitation as a function
of an applied MW frequency. These ODMR measurements showing resonances for
both ms = 1 and ms = −1 are presented in Fig. 4.4(a). In the case of no silver
we found that the contrast was slightly better for ms = −1 and we performed all
subsequent spin measurements driving this transition with a MW frequency of ω−1=
2.8103 GHz in the absence of silver. After silver deposition the ms = −1 resonance
was not well resolved, so we chose to drive the ms = 1 transition at a MW frequency
of ω1= 2.9595 GHz instead. In principle the spin states ms = ±1 are equivalent
and the comparison should not pose a problem. To estimate the Rabi frequency
we record the spin contrast as a function of MW pulse duration with the above
mentioned frequencies. The result is plotted in Fig. 4.4(b). Each point on the
curves correspond to a read out measurement. The observed spin state oscillations
are fitted with damped sine functions to extract the period of spin state alternation.
Clearly the Rabi oscillations in the configuration with silver in more damped and
the frequency is lower. The lower frequency in itself indicates a weaker MW driving
field, which could be due to screening effects of the silver layer. Another explanation
could be that the efficiency of the MW antenna is lower for the driving frequencies
used for the two configurations. The higher damping rate in the configuration with
silver could be due to thermally induced electric and magnetic field fluctuations in
the silver known as Johnson noise [108].

To prepare the ms = −1 state without silver we apply a MW pulse with a
duration of 96.6 ns and frequency ω−1. In the configuration with silver we prepare
the ms = 1 state by a MW pulse with a duration of 144 ns at frequency ω1. For fair
comparison between the configurations with and without silver the excitation powers
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Figure 4.5: Spin readout signal for the NV center acquired at different laser intensities. Time
resolved fluorescence traces for a spin state innitially in (a) ms = 0 without silver. (b) ms = 0
with silver. (c) ms = −1 without silver. (d) ms = 1 with silver. Starting from the bottom the
curves correspond to laser intensities I/Isat = 0.13±0.01, 0.26±0.01, 0.53±0.01, 0.79±0.01, 1.1±
0.02, 1.5± 0.03.

are chosen such that they are the same in units of Psat. The normalized excitation
powers are in the range 0.13-1.5 P/Psat, corresponding to absolute excitation power
of 0.6-6.8 mW with no silver and 0.34-3.9 mW with silver. Figure 4.5 shows the
spin readout trace for the spin initially prepared in ms = 0 or ms = ±1 with and
without silver deposited on the diamond at six different laser power levels. For each
excitation power the spin preparation and readout sequence was repeated until the
fluorescence trace reached 2000 counts with a resolution of 0.512 ns. Note that the
topmost (unscaled) traces in each graph in Fig. 4.5 corresponding to the highest
power level and the traces recorded at lower power have been scaled to fit six traces
in each graph.

A central figure of merit for spin readout is the SNR, given by

SNR =
N0 −N1√
N0 +N1

(4.2)

where N1 is the number of photons collected in a time window ∆Tc from the start of
the readout trace of an arbitrary spin state. N0 is the number of photons collected
in a time window of the same duration when reading out the ms = 0 state. From
the experimental data we estimate the time window that optimizes the SNR for a
single optical cycle as shown in Fig. 4.6(a). We find that the maximum SNR is
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Figure 4.6: (a) Experimental SNR per single readout sequence as a function of the readout
window duration for the readout trace recorded with laser intensity I = 1.5Isat. The maximum
SNR of 0.019 (0.013) for pure diamond (silver-coated diamond) is obtained for a window duration
of 280 ns (320 ns). (b) Experimentally obtained SNR per single readout sequence as a function of
the laser intensity for a fixed readout window duration of 300 ns.

0.019 with a readout window of 280 ns and 0.013 with a readout window of 320
ns for the configuration without and with silver, respectively. For a fixed readout
window of 300 ns we plot the SNR as a function of excitation power, see Fig. 4.6(b).
Here we see a saturation behaviour, due to the saturation of fluorescence from the
NV center. Overall we observe a drop in SNR of roughly 30 % with the addition of
silver on the diamond.

4.3.1 Spin readout modelling

To gain a better understanding of the dynamics of the NV electronic spin readout
presented in Fig. 4.5 we model the spin readout using rate equations. To model spin
state readout we need at model of at least five levels as depicted in Fig. 4.1(b). In
this case spin contrast is completely dependant on the time dependent population
dynamics and so we have to solve the rate equations using some numerical solver.
Since the aim is to model the dynamics of the system after the spin state is prepared
in a certain state we do not need to model the MW driven transitions between spin
states |0〉 and |±1〉. The dynamics of this level system is described by the following
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Table 4.2: Transition rates extracted from fitting the spin readout using a five level model. All
rates are in MHz.

kr kAg
r k35 k45 k51 k52 km

No silver 51 - 17 74 5.3 2.9 -
Silver - 409 20 85 5.2 3.8 -

Non-radiative spin-mixing 49 140 19 53 7.8 0.1 3.1
Radiative spin-mixing 2 % 60 151 8 73 4.5 2.5 -

rate equations

ṗ1 = −kep1 + krp3 + k51p5 (4.3)

ṗ2 = −kep2 + krp4 + k52p5 (4.4)

ṗ3 = kep1 − (kr + k35)p3 (4.5)

ṗ4 = kep2 − (kr + k45)p4 (4.6)

ṗ5 = k35p3 + k45p4 − (k52 + k51)p5, (4.7)

where pi is the population of level i and ṗi is the time derivative and the transition
rates kij are as described in Fig. 4.1(b). With this model the spin readout trace
is proportional to the time-dependent sum of excited state populations p3 + p4. To
reduce the number of fitting parameters we use the measured lifetime to set up the
constraint 1/τ2 = kr + k35. The data is fitted by minimizing the difference of the
solution of the spin readout calculated from the rate equations and the experimental
data. For this we use a differential evolution algorithm for global optimization
described in [109]. We simultaneously fit the entire data set, i.e. the spin readout
traces of two spin states at six power levels each for two configurations(with and
without silver). More precisely we assume that all rates except the excitation and
emission rates are constant with power and fit to find the rates that describe the data
best. We also assume that the presence of silver only changes the radiative decay
rate kr. However, we find that fitting the data sets with and without silver under
the described conditions does not yield a good fit. Fitting the two set independently
on the other hand gives good results. The spin readout fitted independently for the
configuration with and without silver are shown in as solid red lines in Fig. 4.5 and
the resulting transition rates are summarised in Table. 4.2.

The fact that we are not able to fit both configurations at once suggests additional
degrees of freedom in the system not accounted for by the model described in Fig.
4.1(b). Such a degree of freedom could be spin-mixing where transitions between spin
levels ms = 0 and ms = ±1 are allowed. Spin-mixing was included in a theoretical
study [106] as either radiative transitions between levels |3〉 and |2〉 and levels |4〉
and |1〉 or as a non-radiative transition between levels |3〉 and |4〉. We examine
both cases of radiative and non-radiative spin-mixing and find that we can indeed
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Figure 4.7: Theoretically calculated signal-to-noise ratio as a function of Purcell enhancement
assuming radiative and non-radiative spin mixing mechanism. A five-level model was used for the
calculation. Rates for transitions between levels were obtained from fit of experimental data with
the same model.

satisfyingly fit the entire data set of 24 spin readout curves. To avoid prolonging the
already vastly time consuming global optimization procedure, we introduce the spin
mixing rates as constants rather than fitting parameters and adjust the values until
a good fit is obtained. For non-radiative spin-mixing we find that a spin-mixing
rate of km=3.1 MHz results in good fits. For radiative spin-mixing we find that a
mixing probability of 2 % is needed to fit the data. The resulting transition rates
for radiative and non-radiative spin-mixing are summarised in Table. 4.2.

With all the transition rates of the model known we can calculate the effect of
varying the Purcell enhancement by simply adjusting the radiative rate kr accord-
ingly. Figure 4.7 shows the SNR as a function of Purcell factor calculated using
the five-level model. The result is shown for both radiative and non-radiative spin-
mixing and we assume 100 % collection efficiency. For radiative spin mixing we
observe a maximum in SNR at around PF = 2. With increasing PF the SNR drops
since the spin mixing rates are also Purcell enhanced. Contrarily, with non-radiative
spin mixing the SNR only increases with increasing PF. With silver we obtain a to-
tal decay rate enhancement of 2.4 based on the measurements of the total decay
rate and a Purcell factor of roughly 3 based on the extracted transition rates. In
the observe a decrease of the SNR of roughly 30 %. From the analysis above this
suggest that spin mixing is radiative.

From the extracted rates we can also calculate the IQE as the radiative decay
rates over the total decay rate. This results in 88 % for the rates obtained with
non-radiative spin mixing and 73 % for radiative spin mixing. The IQE value for
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non-radiative spin mixing is closest to the IQE value determined for another sample
in the study described in Chapter 6 [19]. However, given the complexity of the
modelling we cannot conclude anything on the nature of spin mixing from the IQE
alone.

4.4 Conclusions

In summary we investigated the effect of a Purcell enhancement on the SNR of spin
readout measurements. By depositing silver on a bulk diamond with shallow im-
planted NV centers we achieved an enhancement of the total lifetime of 2.4 times.
Spin readout measurements of the same single NV center before and after silver
deposition revealed a drop in SNR of ∼30 %, consistent with previously reported
theoretical results [106]. Applying a five-level model including spin-mixing transi-
tions we were able to fit the spin readout traces recorded at a range of excitation
powers and extract the transition rates. Based on these transition rates we estimated
the effect of a further increase of the Purcell factor. The result depends strongly
on the nature of the spin-mixing transitions. For radiative spin mixing the SNR
decreases with PF after peaking around PF=2. For non-radiative spin-mixing the
SNR increases with PF. From our experiment we are not able to determine if the
spin-mixing is radiative or non-radiative.

4.4.1 Outlook

In this study we compare only the two cases of PF=1 and PF∼3 making it difficult
to draw conclusions on the general effect of a radiative rate enhancement on the spin
readout SNR. It would be very interesting to see the experimental equivalent of Fig.
4.7 by measuring the SNR as a function of PF. In Chapter 6 we use a hemisphere
coated in metal placed on top of the diamond to achieve a continuous change of
the PF in the xy-plane due to the curvature of the metallic mirror. Using such a
scheme here would in principle only allow us to explore PF lower than what we did
here, since the deposition of silver directly on the diamond surface gives the smallest
possible separation of NV center and metal. If we abandon the bulk diamond and
instead use nano diamonds we can explore other methods for rate enhancement.
For instance coupling NV emission to plasmonic nano or micro structures such as
nanocubes [110] a high Purcell enhancement can be achieved.
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Chapter 5

Decay rate enhancement with
titanium nitride metamaterials

The previous chapter dealt with radiative rate enhancement of NV centers due
to close proximity and interaction with plasmonic properties of metals. In this
chapter we investigate the possibility of using a specific type of metamaterials for
rate enhancement of NV centers in nano diamonds. The study is a result of our
collaboration with the Plasmonics and Metamaterials group at DTU photonics led
by Associate Professor Andrei Lavrinenko who provided substrates for this project.

5.1 Metamaterial for enhancement of quantum

emission

Metamaterials are materials engineered in a way that they exhibit exotic properties
not usually found in nature. In general metamaterials are made of periodic structures
of metals and dielectric, whose effective material properties are governed by the
periodicity, dimensions and composition rather than the properties of the constituent
materials. A type of metamaterials highly sought-after is negative-index materials
(NIM), exhibiting a negative index of refraction that for instance could be used for
subwavelength resolution superlenses[111]. Another category of metamaterials are
epsilon-near-zero (ENZ) materials where the permittivity ε(ω) is equal to or close
to zero at one or in a range of frequencies ω. It has been theoretically predicted
that such materials can result in large Purcell factors for emitters due to large
local density of states in the ENZ material [112]. Experimentally, titanium nitride
(TiN) materials with ENZ properties have been shown to enhance the spontaneous
emission rate and increase photoluminescence from indium-phosphide quantum dots
[113].
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Figure 5.1: Real and imaginary parts of the permittivity of the two TiN substrates used in the
experiment. The shaded area indicates the wavelength range covered by the PSB of the NV center.

Method

We want to assess the possibility of using TiN thin films with ENZ properties for
enhancement of quantum emission. For this reason we deposit nano diamonds con-
taining NV centers on two TiN substrates denoted TiN 1 and TiN 2 and characterize
the fluorescence intensity and excited state lifetime of NV centers. The ENZ point
of TiN 1 is close to the PSB emission of NV centers, while ENZ point of TiN 2 is
found at lower wavelength outside of the NV emission spectrum. The hypothesis
is that the NV centers in TiN 1 will exhibit a higher rate enhancement than NV
centers on TiN 2 due to the difference in ENZ point. We also deposit the same type
of nano diamonds on a glass substrate for reference measurements.

The TiN substrates were fabricated and processed by the Photonics group in
the cleanroom facility at DTU Danchip. TiN films were deposited on silica glass
substrates using atomic layer deposition (ALD) at 500 ◦C from precursors TiCl4
and NH3. Control of thickness and subsequent temperature annealing was used to
adjust the optical properties of the TiN films. More precisely the wavelength, at
which ENZ point of the permittivity is found, also called the plasma frequency,
λp, can be adjusted ∼670 nm to ∼490 nm by thermal annealing up to 900 ◦C for
films of 105 nm thickness [114]. The complex permittivity characterized for the
two TiN substrates (TiN 1 and TiN 2) used in this study are presented in Fig.
5.1. The permittivity was calculated from a Drude model based on spectroscopic

44



5.2. RESULTS

150

0

40

80

120

kHz

NV 2

NV 1

NV 3

(a)
(b)

11 ns

5.1 ns
3 ns

0 10 20 30 40 50 60 70

10-3

10-2

10-1

100

N
or

m
. c

ou
nt

s

Time (ns)

NV 1
NV 2
NV 3
TiN

Figure 5.2: (a) Example of a confocal scan of TiN 2 with nano diamonds on top. The scale bar
is 3 µm. (b) Examples of fluorescence lifetime measurements of three NV centers NV 1-3. Solid
red lines are fit with single exponential decay functions and the lifetime is indicated in the plots.
The positions of the three NV centers are indicated in (a).

ellipsometer measurements of the materials. Details on the fabrication method and
optical characterization are found in [114]. TiN 1 has its ENZ point around 670 nm
which is near the maximum of the NV centers PSB emission at ∼690 nm. TiN 2 is
post processed by thermal annealing at 900 ◦C such that the ENZ point is shifted
to around 500 nm.

The nano diamonds used are 50-100 nm in diameter dispersed in water from
Mikrodiamant AG. For the TiN substrates 40 µL of nano diamond solution was
diluted in 1 mL of ethanol and sonicated for 5 min in a closed container submerged
in a water bath. Finally, 20 µL of the ethanol/nano diamond solution was drop cast
in the TiN substrates and spin coated at 2000 rpm for 30 seconds and air dried. For
deposition on the glass substrate the nano diamond solution was diluted in 1 mL
of DI water instead of ethanol, due to the hydrophilic surface of the glass after a
plasma cleaning procedure prior to deposition. The substrates are mounted in the
confocal setup with the nano diamond side facing the microscope objective which
has NA = 0.95 and 100x magnification. The fluorescence is filtered with 647 nm
long pass and 785 nm short pass filters to collect the PSB of the NV centers.

5.2 Results

Each of the three substrates were scanned in two areas separated by several mm
using a 532 nm CW laser with 1 mW of optical power. A representative example of
a confocal fluorescence image of nano diamonds on TiN 2 is presented in Fig. 5.2(a).
The dispersion of nano diamonds was similar in all areas across the three samples.
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Screening for single emitters was done using the 532 nm pulsed laser recording the
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Figure 5.3: Stacked histograms of excited state lifetime of NV centers on TiN substrates with
ENZ properties extracted from single exponential fits. (a) Glass substrate for reference. (b) TiN
2 with ENZ point around 500 nm. (c) TiN 1 substrate with ENZ point in the range of NV PSB
emission.

time resolved fluorescence of each spot at 0.1 mW. To make lifetime comparison
between the samples as simple as possible we are mostly interested in single NV
centers, and thus discard data for emitters clearly showing multi-exponential decay
curves. This was found to be the case for most spots that are both large and bright in
the fluorescence scan. Three NV centers (out of ∼30 characterised in this area), NV
1-3, are indicated by circles in Fig. 5.2(a). The lifetime measurements of these three
NV centers are presented in Fig. 5.2(b). As seen here and for almost all lifetime
measurements, a sharp peak within the first ∼0.5 ns was observed, followed by a
single exponential tail with a distinctly longer lifetime. Time resolved fluorescence
measured from the TiN substrates itself reveals fast fluorescence limited by the IRF
of the setup. We thus believe that broadband fluorescence from the TiN is the main
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Table 5.1: Statistics of fitted lifetimes for NV centers on TiN and glass.

Number of Mean Peak of
Substrate NV centers lifetime (ns) Std (ns) Min/Max (ns) Gamma dist. (ns)

Glass 99 16.6 9.4 2.3/39.4 10.3
TiN 2 73 6.9 3.9 1.4/21.8 4.9
TiN 1 71 8 4.7 1.6/24.2 5.6

reason for the observed fast decaying peaks in the lifetime measurements.

In order to build statistics for solid comparison of the substrates, lifetimes of
more than 240 emitters across the three substrates were measured. The lifetimes
were tail fitted with single exponential decay functions omitting the first 3 ns to
avoid the fast substrate fluorescence. Doing so of course means that we are not
including very fast emitters in the statistics. However, for emitters with lifetimes
on the same order as the fast fluorescence we are not able to satisfyingly distinguish
lifetime components. To avoid false conclusions we therefore chose to restrict the
fitting to a range of arrival times above 3 ns. The extracted lifetimes are plotted
as histograms in Fig. 5.3 for the three substrates. The histograms are overlayed
with a Gamma distribution curve shown as a solid black curve. The lifetimes of
the reference sample with nano diamonds on glass shown in the top histogram are
widely distributed with values between ∼2-40 ns. This is not entirely surprising
since NV centers are affected by their local environment for instance in terms of
crystal strain, surface damage and surface charges of the nano diamonds, which
might be highly individual for a particular diamond. A similarly wide distribution
was found in [110]. Nevertheless, lifetime distributions of NV centers on TiN 1 and
TiN 2 both show much narrower distributions, indication an overall enhancement
of the decay rate. This clearly shows that these materials are indeed useful for rate
enhancement of quantum emitters. However, as there is no significant difference
between the NV center lifetimes measured on the two TiN substrate and we cannot
draw any conclusions about the ENZ properties based on these characteristics. The
simple mean, standard deviation, extreme values and most frequent value from the
Gamma distribution are summarised in Table 5.1. From these statistics it is clear
that the NV centers on TiN 2 are slightly more enhanced than NV centers on TiN
1. Taking the average lifetime measured on glass as the intrinsic lifetime we arrive
at a Purcell factor of approximately ∼2 for TiN 1 and ∼2.4 for TiN 2. However the
observed difference in Purcell factor is small compared to the standard deviation. It
should be noted that the quantum efficiency of nano diamonds have been found to
be low (between 10-90% for 100 nm diamonds)[115], meaning that an enhancement
of the radiative decay rates, diminishes the Purcell factor calculated from the change
of total decay rate. Thus we could expect that the same TiN substrates would result
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Figure 5.4: Fluorescence intensity as function of excitation power. The data points are fitted
with a saturation curve (solid line) with a linear power dependant background term. For fits
resulting in significant background, the fit with subtracted background is plotted as a dashed line.
(a) Glass substrate. (b) TiN 2 with ENZ point around 500 nm. (c) TiN 1 with ENZ point in the
range of NV PSB emission.

in higher Purcell factor for quantum emitters with a higher quantum yield.
To further characterise the effect of the TiN substrates we measured the fluo-

rescence as a function of power for a number of NV centers on each sample. The
data were fitted with saturation curves including a linear background dependent on
power (Eq. 2.10) and is presented in Fig. 5.4, where the solid lines are the satu-
ration fits. In cases where a significant linear background is found the dashed lines
show the saturation fit with the linear background subtracted. The NV centers on
the glass substrate show clear saturation with no background contribution and the
high power limit count rate of I∞ ' 100kHz and Psat= 0.8-1.2 mW. NV centers
on TiN 1 (Fig. 5.4(c)) clearly show higher counts rates, but most of the increase
can be explained by a significant background contribution of b=28-31 kHz/mW,
leading to I∞ ' 130-229kHz. NV centers on TiN 2 (Fig. 5.4(b)) has a lower back-
ground contribution with fitted values of 0-9.8 kHz/mW. In addition to estimating
the background fluorescence from the saturation fits, we measured the background
fluorescence as a function of excitation power independently in a number of places
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Figure 5.5: (a) Fluorescence as a function of excitation power measured in areas with no NV
emission, i.e. the background from the substrates. (b) Value of g(2)(τ = 0) as a function of the
measured total decay rate. The dashed line indicates the single photon limit for g(2)(0).

on the two TiN substrates. The fluorescence curves are presented in Fig. 5.5(a),
where the number in the legend refers to the NV center closest to where the flu-
orescence was measured. The fitting parameters from the NV center saturation
measurements and background fluorescence is summarised in Table 5.2. For TiN 1
the background extracted from the saturation fits of NV centers (bfit) agrees nicely
with values measured directly from the TiN next to the same NV centers b. For
TiN 2 the fitted background of zero has a rather big uncertainty which is similar
to the value of the measured background. This discrepancy is likely due to the fact
that the fluorescence was measured only to an excitation power of 5-6 mW combined
with Psat-values around half that value. This means that the fluorescence curve does
not reach the regime where the background is dominating making the fitting with a
linear background less accurate. As a consequence the maximum count rate values
for NV centers on TiN 2 are slightly overestimated. The relatively large background
fluorescence also has the effect of reducing the single photon character, i.e. the
value of the g(2)-function at zero delay time. Figure 5.5(b) shows g(2)(τ = 0) as a
function of the measured total decay rate for the same NV centers as in Fig. 5.4.
The g(2)(τ) measurements were taken under 0.5-1 mW excitation power depending
on the count rate. It is clear that only the NV centers on glass show values clearly
below g(2)(0) < 0.5.
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Table 5.2: Parameters from saturation fits of fluorescence as a function of excitation power. bfit

is the background contribution extracted from the fit and b is the measured background close to
the same NV center.

NV Substrate I∞ (kHz) Psat(mW ) bfit ( kHz
mW

) b ( kHz
mW

)

1 Glass 100±5 1.2±0.1 0 -
97 Glass 109±7 0.8±0.1 1.3±1.4 -

1 TiN 2 222±29 1.4±0.2 0±5 3.9±0.01
3 TiN 2 201±52 2.7±0.5 0±6 5.3±0.02
20 TiN 2 197±120 3.3±1.5 0±11 -
50 TiN 2 86±7 1.1±0.1 9.8±1.1 5.9±0.03
62 TiN 2 37±9 2.2±0.5 6.4±1 4.9±0.02
85 TiN 2 335±43 3.5±0.4 0±3.4 5.8±0.03

19 TiN 1 139±16 1.6±0.2 28.4±1.9 28.6±0.2
24 TiN 1 229±11 7.3±0.5 29.9±1.9 29.8±0.2
41 TiN 1 132±31 3±0.6 31±2.8 26±0.2

5.3 Conclusions and outlook

In summary we have investigated NV centers in nano diamonds dispersed on TiN
ENZ metamaterials. Two TiN substrates were used, one with the ENZ point around
670 nm close to the PSB of NV emission and one with the ENZ point shifted to
around 490 nm. Lifetime measurements of more than 70 NV centers on each TiN
substrate and 99 NV centers on a reference glass were carried out to compare the
rate enhancement. Both TiN 1 and TiN 2 were found to enhance the total decay
rate of the NV centers giving a Purcell factor of around ∼2-2.4. The total decay
rates measured on the glass substrate showed a wide distribution with values as
low as a few ns and as high as ∼40 ns. This highlights one of the drawbacks of
using NV centers in nano diamonds for this study, namely that the grounds for
comparison is not well defined when comparing different NV centers. We tried to
make up for this by characterising a high number of NV centers, but in the end no
significant difference in rate enhancement was seen for the two TiN substrates. We
also characterised fluorescence saturation and found that the two TiN substrates
exhibit significant background fluorescence.

A way to improve the method would be to compare the same NV centers in nan-
odiamonds on different substrates. This could be done by depositing nano diamonds
on a TiN substrate, characterise NV centers, then undertake the annealing step to
shift the ENZ point and repeat the characterisation of the same NV center. This
would in principle eliminate the need for characterising a large number of emitters.
This approach could also be used with a bulk diamond with shallow implanted NV
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centers as we used in the study described in Chapter 4. Here we would be able to
characterize a set of NV centers before and after depositing the TiN and before and
after annealing, giving clear insight in the effect of all steps on the emitter dynam-
ics. Using the bulk diamond would give the further advantage of knowing the NV
orientation and roughly the distance to the interface.

In our current method we exclude the very fast decay components due to the
fast fluorescence from the substrates potentially excluding NV centers with highly
enhanced decay rates. If use a method were we compared the same NV centers with
and without the presence of the TiN as described above, we would not be forced
to exclude the fast components as we would know that the emission came from
an NV center. Considering that a Purcell factor of 2 would decrease the radiative
lifetime from for instance 20 ns to 10 ns for one emitter and from 2 ns to 1 ns for
a faster emitter, underlines the importance of including the fast components in the
characterization.

Another possible improvement of this study would be to use a quantum emitter
with a narrower emission spectrum in the ENZ range of the substrate. One pos-
sibility is to use hBN emitters which feature a narrow and bright ZPL and a well
separated and less pronounced PSB. Due to the wide inhomogeneous broadening of
the ZPL energy among hBN emitter one should be able to find an emitter with the
ZPL close to the ENZ point. As described above one would then anneal the sample
and substrate to move the ENZ point and repeat the characterization.
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Chapter 6

Determining the internal quantum
efficiency of shallow-implanted
nitrogen-vacancy centers in bulk
diamond

6.1 Introduction

The following chapter describes our experiments to determine the IQE of NV centers
in bulk diamond.

Similar studies have been performed for investigating the IQE of quantum dots
[116] and NV centers in nano diamonds [115]. These studies (including this one),
are all implementations of a Drexhage scheme where the lifetime as a function of
mirror-emitter distance is measured [18]. For nano diamonds large variation in the
IQE was found with value between 0-20 % for nano diamonds with average diameter
of 25 nm and 10-90 % for 100 nm diameter. These variations are thought by be
associated mostly with changes in non radiative transitions due to the NV centers
local strain induced by crystal damage. These effects are largely reduced in bulk
diamond and thus the IQE of NV centers in bulk diamond is more representative of
the intrinsic NV center properties.

Central to our study is the controlled variation of the local density of states seen
by the NV centers. The change in LDOS is achieved by the proximity of a metallic
surface similar to the studies described in Chapters 4-5. Here we use a zirconia
hemisphere coated with 400 nm of titanium put directly on top of the diamond,
so that the known curvature of the hemisphere provides a continuous change of
distance to the metallic mirror. This method requires a diamond sample with a
uniform and dense distribution of NV centers at a precise depth close to the surface
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in the diamond. Using low energy implantation of 2.5 and 5 keV with 15N+ and
subsequent thermal annealing, our colleagues from Leipzig were able to create well-
defined layers of NV centers at depths of 4.5±1 and 8±2 nm, respectively.

Based on calculations of the expected Purcell factor as described in section 2.5,
we modelled the observe change in total decay rate as a function of distance to the
mirror, allowing the extraction of the IQE as a fitting parameter. Rather surpris-
ingly, we found that the measured lifetime showed a dependence on the intensity of
the excitation light, which varies due to interference between the sample and mirror.
We explain this by taking into account the power dependant ionization to NV0.

As a result we estimate the IQE of shallow implanted NV centers to be 0.70±0.07
and 0.82±0.08 for implantation depths of 4.5±1 and 8±2 nm, respectively.

6.2 Publication
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Abstract: It is generally accepted that nitrogen-vacancy (NV) defects in bulk diamond are
bright sources of luminescence. However, the exact value of their internal quantum efficiency
(IQE) has not been measured so far. Here we use an implementation of Drexhage’s scheme to
quantify the IQE of shallow-implanted NV defects in a single-crystal bulk diamond. Using a
spherical metallic mirror with a large radius of curvature compared to the optical spot size, we
perform calibrated modifications of the local density of states around NV defects and observe
the change of their total decay rate, which is further used for IQE quantification. We also show
that at the excitation wavelength of 532 nm, photo-induced relaxation cannot be neglected even
at moderate excitation powers well below the saturation level. For NV defects shallow implanted
4.5 ± 1 and 8 ± 2 nm below the diamond surface, we determine the quantum efficiency to be
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1. Introduction

Nitrogen-vacancy (NV) defects in diamond have proven to be a versatile instrument in quantum-
optical technologies. Besides being an extremely stable source of single-photon luminescence
that does not bleach [1], they also possess a paramagnetic ground state which can be optically
initialized and readout [2–4]. Moreover, the coherence time of the associated electron-spin is
extremely long [5], and the diamond host material itself has low cytotoxicity [6]. This unique
set of properties makes NV centers in diamond a leading platform for quantum information
processing [7] and a high precision optical sensor for magnetic- and electric fields as well as
temperature [8–14]. All these applications rely on NV defects being stable and, most impor-
tantly, bright sources of luminescence. While the stability has been verified many times, the
brightness can only be guaranteed by the high internal quantum efficiency (IQE), η, of the de-
fect. The IQE is given as the ratio of the radiative emission rate, Γrad , to the total decay rate of
the optically excited state: η = Γrad/(Γrad + Γnr ). Since non-radiative decay rates, Γnr , cannot
be accessed experimentally, it is not possible to measure the IQE directly.

There are few works that aim at quantifying the IQE of NV defects in diamond. Mohtashami
and Koenderink [15] considered diamond nanocrystals containing native single NV defects, and
found that for NV defects in 25-nm nanodiamonds the IQE is distributed between 0 and 20%,
while for 100-nm nanodiamonds the IQE has an even larger distribution in the range 10–90%.
The result for the smallest nanodiamonds is partially supported by fitting the measured second-
order correlation function of a NV defect with that of a three-level system [16]. Interestingly, it
was shown in [15] that the wide IQE distribution is due to a variation in both the radiative as
well as the non-radiative decay rates among the different nanocrystals. This is surprising since
the non-radiative rates are not of electromagnetic origin, therefore not sensitive to the local
density of optical states (LDOS) and therefore the variation was due to intrinsic properties of
the nanocrystals. Specifically, the lower IQE for 25-nm nanodiamonds is due to an enhanced
Γnr , which is potentially associated with the increased nanocrystal surface-to-volume ratio and
nanocrystal irregularities, such as local strain. In this respect, the IQE quantification of NV
defects in bulk diamond is of large interest as it represents an “unperturbed” case and allows for
the deduction of the IQE in highly relevant diamond geometries.

In this article, we report on a consistent measurement of the IQE of NV defects in bulk
diamond through modification of their photonic environment (and hence the LDOS) with the
use of a metallic mirror brought in close proximity to the defects. The total decay rate is given by
Γtot = Γrad+Γnr . The central idea of our measurements is to controllably vary the radiative part
Γrad by a calibrated modification of the LDOS, while the nonradiative part remains unchanged.
By quantifying the change of the total decay rate Γtot as a response to the change in LDOS, we
extract both terms and evaluate the IQE. We note that throughout this article unless explicitly
stated differently we always refer to the negative charge state of NV defects in diamond.

The influence of a metal mirror and its separation from excited fluorescing dye molecules to
their lifetime has been carefully studied in several pioneering experiments by Drexhage (e.g.,
see [17]). To precisely control the separation between the dye molecules and the mirror, he used
the Langmuir-Blodgett dipping technique to deposit a varying number of layers of fatty acid
on a metal surface. The same scheme, but with a number of improvements and modifications,
has been used to characterize different types of quantum emitters: single molecules [18–20],
self-assembled [21, 22] and colloidal [23] quantum dots, as well as NV defects in diamond
nanocrystals [15]. In our work, we use an experimental approach that was first suggested in [19]
and later modified for well calibrated measurements [15, 23]. The approach consists in using a
scanning metallic mirror, so that the distance between an emitter and the mirror can be changed
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in the course of the experiment, without the need to fabricate a new sample. By using a spherical
mirror [15] the separation between a NV defect and the metal mirror can be precisely controlled
by a lateral mirror displacement. This approach yields a nanometer-scale precision and will thus
be used in this work. We limit our consideration to NV defects implanted with energies of 2.5
and 5 keV, resulting in a respective implantation depth of 4.5 and 8 nm below the diamond
surface. From a set of reproducible measurements, we determine in our experiments the IQE to
be 0.70 ± 0.07 and 0.82 ± 0.08 for 4.5 and 8 nm-deep NV defect ensembles, respectively.

2. Experimental arrangement

We use a commercial CVD grown electronic-grade single-crystalline diamond plate with a
thickness of 0.3 mm from Element6 with a polished (100) top face. NV centers were im-
planted in circular areas of ∼ 250 ± 30 μm in diameter using a low-energy source of 15N+

ions. The irradiation dose were determined to D2.5keV = (1.09 ± 0.22) · 1013 ions/cm2 and
D5keV = (1.53± 0.32) · 1013 ions/cm2. Using the results of Monte Carlo simulations, the depth
of ion implantation was estimated to be h2.5keV = 4.5 ± 1 nm and h5keV = 8 ± 2 nm for
ions with an energy of 2.5 and 5 keV [24], respectively. After implantation, the samples were
annealed in vacuum at 650 degrees Celsius yielding a nearly uniform two-dimensional distribu-
tion of NV defects. We confirmed the uniformity by recording confocal luminescence images
of the implantation regions, which featured intensity fluctuations of less than 10%. Assuming
a 1% conversion efficiency from 15N+ ions to NV defects, we estimated the average distance
between the latter to be about 35 nm. This separation is large enough to neglect dipole-dipole
interactions between NV defects, and thus that in our experiment we probe an ensemble of
individual non-interacting emitters.

The calibrated distance adjustment between the NV defects and the metallic mirror is
achieved with the use of a spherical metal surface. For this purpose, we covered a 1-mm-radius
hemisphere with a 400-nm-thick layer of titanium. Although titanium is less reflective than e.g.
silver, it has the advantage of offering substantially better adhesion to the substrate material
of the hemisphere (zirconia in our case) and, in addition, it forms a natural, transparent few-
nanometer-thick layer of surface oxide protecting the coating from damage. We also tried silver
coatings, which required a 20-nm layer of silica on top to protect silver from oxidation. How-
ever, we found the silver coating to be very fragile and prone to scratches and exfoliation, for
which reasons we favoured titanium coatings.

We assume that all NV defects at the same depth below the diamond surface are equivalent
except of their different spatial orientations. Therefore, instead of moving the spherical mirror
to change the NV defect–mirror distance, we observed different areas within the NV-implanted
region of the diamond to study the effect of LDOS variation on the decay rate [23]. This allowed
us keeping the spherical mirror at a fixed position on top of the diamond sample, and we moved
the diamond sample together with the mirror as a whole during measurements with the aid of
a piezo stage. This approach yields several advantages compared to the arrangement exploited
in [15], where a compact metal sphere was attached to the tip of a scanning near-field optical
microscope operating in the shear-force feedback mode. Due to the nature of the shear-force
feedback, the separation between the mirror and the sample can only be kept constant to a
certain level of precision. Moreover, the contact scanning mode can leave scratches on the metal
coating, which subsequently impacts the LDOS and introduces noise in the NV defect lifetime
measurements. However, the approach in [15] is suitable for single NV interrogation which is
not the case for the method we are using.

Our experimental setup is a conventional confocal microscope optimized for fluorescence
lifetime imaging (FLIM). For excitation, we use a pulsed 532-nm laser that generates 4.6-ps-
wide pulses at a repetition rate of 5 MHz and set to a relatively low average power of ∼ 50 μW.
This power level is well below the fluorescence saturation power and only limited by the ne-
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cessity to maintain a low count rate at the photo detector to avoid piling up of the counts [25].
Atop of the 0.3-mm-thick diamond sample we place a spherical metal mirror for the modi-
fication of the LDOS, while we access the defects through the diamond bottom surface for
excitation and collection of fluorescence with a 60x objective that has a numerical aperture of
0.7 [Fig. 1(a)]. Diamond has a high refractive index of nd ∼ 2.4, which leads to strong reflec-
tions at the diamond-air interface along the pathway from NV defects to the metal mirror and
backwards. These reflections were reduced by filling the air gap with a fluorescence-free immer-
sion oil of refractive index noil = 1.5. To make confocal FLIM scans, we mount the sample on
a three-dimensional piezo stage. Since the radius of the spherical metal mirror is substantially
larger than the gap size, the illuminated NV defects within the collection spot of the confocal
microscope are to a good approximation in a planar-geometry configuration and therefore ex-
perience the same LDOS, i.e., each pixel of the FLIM map represents multiple NV defects that
have the same radiation properties. Given that the radius of the metal mirror is known, the ob-
tained FLIM images are straightforward to convert to a dependence τ = τ(d), where τ is the
fluorescence lifetime of NV defects and d is the local depth of the metal mirror [see Fig. 1(a)].

Fig. 1. (a) Schematics (not to scale) of the confocal arrangement with a spherical metal
mirror to modify the LDOS of shallow implanted NV defects at depth h below the surface
of a diamond plate. We investigated samples with h = 4.5 nm and 8 nm, respectively. (b) Il-
lustration of the energy levels of the negatively-charged NV− defect with an effective state
for NV0, which decreases the lifetime of the optically excited state due to a photoionization
decay channel.

We note that the presence of the metal mirror modifies only the radiative part of the total decay
rate by a factor F commonly referred to as the Purcell enhancement: 1/τ(d) ≡ Γ̃tot = FΓrad +
Γnr . The relative change in the total decay rate is then given by Γ̃tot/Γtot = 1+ Γrad

Γrad+Γnr
(F −1),

where the ratio before the brackets is the IQE η. Hence, we finally obtain:

Γ̃tot = Γtot
[
1 + η(F − 1)

]
, (1a)

or, equivalently:
τ = τ0/

[
1 + η(F − 1)

]
, (1b)

where τ is the (mirror-affected) lifetime evaluated in the FLIM measurements of NV defects,
whereas τ0 is its unmodified value for defects in the absence of the metal mirror. We calculate the
Purcell enhancement F as the ratio of total power radiated by a point dipole in a layered medium
with a mirror at distance d to that of a point dipole in the same configuration but with a mirror
at d → ∞ and without immersion oil, carefully taking into account the actual distribution of
dipole orientations in the crystal lattice with (100) top surface (see Appendix A). The calculated
enhancement F is a function of the gap size d between the diamond sample and the metal mirror.

                                                                                       Vol. 24, No. 24 | 28 Nov 2016 | OPTICS EXPRESS 27719 



Finally, we can use Eq. (1) to fit the experimentally obtained dependence τ = τ(d + d0) using
three fitting parameters: τ0 , η, d0. Here, d0 is the minimum gap size between the diamond and
the sphere [Fig. 1(a)], which is introduced in our model to account for a possible slight elevation
of the spherical mirror above the diamond surface due to the immersion oil.

Since in our study we focus on the properties of the emitter itself, we denote radiative decays
Γrad as those due to the direct transition from the NV excited triplet state 3E to the ground state
3 A, irrespective of whether it results in a detectable photon or in excitation of surface states
of the metal mirror [26, 27]. Such surface states can be surface plasmon polaritons or high-
wavenumber plasmon modes — processes sometimes classified as fluorescence quenching. The
latter becomes the dominating decay channel for an emitter near a metal surface. Owing to near-
field energy transfer (see Appendix A) it occurs when the separation is � λ/10 [28,29], where λ
is the emission wavelength in the emitter’s medium. Note that truly non-radiative quenching
mechanisms such as charge transfer to the metal do not play a role in our system because the NV
defects reside at least 4.5 nm away from the metal. Correspondingly, we consider non-radiative
decays to be due to the internal structure of the NV defect such as vibrational relaxation and
intersystem crossing. According to the above conventions, the Purcell enhancement is defined as
an increase in the radiative decay rate. From Eq. (1b), one notices that for the particular case of
an emitter with IQE equal to unity, i.e., when non-radiative decays can be neglected, τ0/τ = F.

3. Experimental results

Using a scanning piezo stage, we translate the sample together with the spherical metal mir-
ror on top [Fig. 1(a)] relative to the stationary laser beam in order to obtain confocal fluores-
cence [Fig. 2(a)] and lifetime [Fig. 2(b)] maps of the sample (for details on lifetime measure-
ments, see Appendix A). As expected and similar to the results in [15], the fluorescence image
consists of concentric rings whose geometry and origin are the same as in Newton’s rings ex-
periment. The noticeable straight lines that go across the fluorescence image correspond to
scratches on the diamond surface caused by the mechanical polishing process. Those imperfec-
tions as well as several other irregularities have a slight impact on the lifetime measurement
results and hence we exclude those points in our data analysis. The confocal FLIM map of the
sample [Fig. 2(b)], similar to the fluorescence image, consists of concentric rings implying that
the lifetime of NV defects oscillates with increasing emitter-to-mirror separation due to a vary-
ing LDOS. In order to interpret the results, we convert coordinates of the points on the FLIM
map into the equivalent gap size d, then average the lifetime values for the points corresponding
to the same gap, and plot the obtained data as a dependence of lifetime on the gap size. This has
been done for NV defects implanted 4.5 nm [Fig. 3(a)] and 8 nm [Fig. 3(b)] below the diamond
surface.

For a simple system, where the lifetime is only affected by LDOS modifications, one would
expect to observe smooth decaying periodic oscillations of the lifetime with an increased
emitter-to-mirror distance (e.g., cf. [30]). Contrary, our data show broken periodicity in os-
cillations with jumping amplitude, a feature akin to beating of several periodic signals. In-
deed, Fourier analysis of many lifetime-vs-distance profiles revealed strong contributions at
two Fourier frequencies [Fig. 3(c)]: one at a corresponding wavelength of around 690 nm, the
room-temperature fluorescence maximum of NV defects, and another at around 532 nm. Note
that due to the limited number of experimental points and the discrete nature of the applied
Fourier transformation, the maxima in the Fourier spectrum in Fig. 3(c) are not well defined.
However, in a series of repeated measurements we consistently observe two major peaks in the
Fourier spectrum, revealing a somewhat unexpected contribution at a frequency corresponding
to the excitation wavelength. This additional contribution makes fitting of the experimental re-
sults with Eq. (1b) satisfactory only within the first 500–1000 nm of the gap size, becoming
often in counter-phase with the oscillations for separations d > 1000 nm. Note that this might

                                                                                       Vol. 24, No. 24 | 28 Nov 2016 | OPTICS EXPRESS 27720 



Fig. 2. (a) Fluorescence map recorded in a confocal scan of NV defects implanted 8 nm
below the diamond surface. (b) Fluorescence lifetime map obtained by single-exponential
fitting of confocal lifetime data recorded simultaneously with the fluorescence map shown
in panel (a).

have also been the case in [15].
Our observations suggest that the lifetime of NV defects depends on the excitation light in-

tensity. The additional contribution can indeed be explained by taking into account an intensity
dependent transition to another level, presumably a photo-induced ionization process of nega-
tively charged NV defects [31, 32]. Transitions to the neutral-charge state NV0 at a rate Γion
provide an additional decay channel for the excited state 3E of the NV− defect, effectively de-
creasing its lifetime [Fig. 1(b)]. The photoionization dynamics of NV defects have recently been
studied in detail [33], and the ionization energy was determined to be 2.60 eV. Since our excita-
tion energy per photon at 532 nm is below that, the photoionization in our case is a two-photon
process, and hence Γion scales quadratically with the excitation intensity [33]. To address pho-
toionization in the fitting procedure, we modify Eq. (1a) by adding an ionization decay channel
to the total decay rate:

Γ̃tot = Γtot
[
1 + η(F − 1)

]
+ bI2

exc , (2)

where b is a fitting parameter and the excitation intensity Iexc is given by the Newton’s rings
interference pattern: Iexc = sin2 [2πnoil (d + d0)/λ] with λ = 532 nm and noil = 1.5. This
yields the following fitting Eq. for the lifetime:

τ = τ0/
[
1 + η(F − 1) + τ0bI2

exc

]
. (3)

Note that even though there are now four fitting parameters, they all have an independent impact
on the measurement outcome and the fitting procedure converges quickly. The vertical position
of oscillations relative to the y-axis in Figs. 3(a) and 3(b) is determined by τ0, while η determines
the oscillation amplitude, d0 is the horizontal displacement of the oscillations along the x-axis,
and b is the value of the harmonic distortion, which shows the amount of contribution of the
intensity signal [Fig. 2(a)] to the FLIM map [Fig. 2(b)].

We apply this fitting procedure to measurements at two different areas on the sample with NV
defects implanted 4.5 and 8 nm below the diamond surface [lines on Figs. 3(a) and 3(b)]. There
are two main sources of errors in obtaining the values of the fitting parameters: uncertainty in
exponential decay fitting while obtaining lifetime values for the FLIM map and error of fitting
the final data with Eq. (3). We repeated measurements with the two implanted areas several
times also by replacing the mirror, which gave very good reproducibility within the interval of
the fitting errors. The obtained fitting parameters are presented in Table 1 and were obtained
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Fig. 3. (a) and (b) Dependence of fluorescence lifetime on the gap size derived from respec-
tive FLIM maps by averaging through pixels corresponding to the same gap size d. Dots
show experimental data points, red curve — fit with Eq. (1), blue curve — fit with Eq. (3)
that takes into account photo-induced ionization of NV defects. Dependence shown for
(a) 4.5- and (b) 8-nm-deep implanted NV defects. (c) An example of Fourier transforma-
tion of lifetime vs. gap size dependence that reveals the dominating periods (here 174 nm
and 232 nm) given by λ/(2noil ).

through averaging several (three and two for 4.5- and 8-nm-deep NV defects, respectively) ex-
perimental runs, except d0, which varied from trial to trial and was typically within the interval
20–100 nm.

Table 1. (columns 1–3): experimental fitting parameters (averaged through repeated
measurements) for Eq. (3) giving the best fit to data shown on Figs. 3(a) and 3(b); (columns
4–6): radiation parameters derived from the fitting parameters.

Depth η τ0, ns b, μs−1 Γrad , μs−1 Γnr , μs−1 τbulk , ns

4.5 ± 1 nm 0.70 ± 0.07 14.9 ± 0.5 2.3 ± 0.9 47 ± 5 20 ± 2 11.6 ± 0.8
8 ± 2 nm 0.82 ± 0.08 15.0 ± 0.5 2.2 ± 0.6 55 ± 6 12 ± 1 11.4 ± 0.8

The obtained mean values of quantum efficiency are 0.70±0.07 and 0.82±0.08 for ensembles
of NV defects implanted 4.5 and 8 nm below the diamond surface, respectively. From the values
η and τ0 we can directly calculate the radiative and non-radiative decay rates of NV defects at
the corresponding depths: Γrad = ηΓtot ≡ η/τ0 and Γnr = Γtot − Γrad . As expected, the ra-
diative decay rate increases slightly for deeper implantation (Tab. 1) as a result of an increased
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effective refractive index (and hence LDOS) surrounding the emitters. In contrast to this, the
non-radiative decay rate decreases almost by half. We speculate that this is likely due to a de-
creased surface strain in the diamond or other surface related non-radiative decay channels. We
note that a similar observation has been reported in [15], where NV defects inside the smallest
diamond nanocrystals were measured to have the largest non-radiative decay rate. Since the
variation of non-radiative decay rate with depth is difficult to address analytically, we cannot
extrapolate precisely the obtained values to NV defects deep inside a bulk diamond. However,
if we disregard a change of Γnr with depth and apply Eq. (1b) to the obtained fitting parameters
(separately for the values obtained for 4.5 and 8 nm implantation depth, respectively) we can
estimate the lifetime of deep NV defects. Noticeably, the estimated lifetime values of deep NV
defects, 11.6 ns and 11.4 ns, are close to those measured for the spin-zero excited state [34–36].
This indicates that (i) our assumption is a fair approximation and the Γnr is unlikely to decrease
substantially further for NV defects located deeper than 8 nm under the diamond surface, and
(ii) in our measurements we have substantial spin polarization. Making another realistic as-
sumption that the non-radiative decay rate can only decrease with the NV defect located deeper
in the diamond, we can make a lower estimation of the IQE of the defect in bulk diamond:
assuming that the non-radiative decay rate is similar to the value for 8-nm-deep NV defects:
Γbulk
rad

� 1/τbulk − Γ8nm
nr = 76 μs−1 , we estimate ηbulk = Γbulkrad

τbulk � 0.86.
To conclude, we consistently performed reproducible measurements of the lifetime of NV

defects implanted 4.5 and 8 nm below the diamond surface as a function of distance to a metal-
lic mirror. By fitting to a well-established model we confirm that the NV defect in diamond is
indeed a bright source of photons with high IQE of more than 70%. Using two fair approxima-
tions that find support in the experiment, we extrapolated the IQE and total fluorescence lifetime
to NV defects in bulk diamond and found those values to be � 0.86 and ∼ 11.4 ns, respectively.
In fitting the experimental data, we used a model that takes into account a photo-induced relax-
ation process, which we assumed to be photoionization of negatively charged NV defects to the
neutral-charge state. We showed that this process cannot be neglected and plays a noticeable
role in the modification of the decay rate. The applied model of two-photon ionization is a sim-
plification and does not account for the reverse process of photo-induced recombination. Due to
the nature of the experimental technique, it is not suitable for the study of luminescence defects
located substantially deeper below the surface than what we have measured here. On the other
hand, our measurements combined with techniques for spin-state preparation of the NV defect,
can yield more information about rates of particular transitions. Furthermore, the technique
could be successfully applied for the investigation of other highly promising but substantially
less studied Si- and Ge-vacancy defects in diamond.

Appendix A

Given that the radius of the metallic mirror (1000 μm) is much larger than its separation from
NV defects (typically below 1 μm), we can consider radiating NV defects as electric dipoles
located close to an interface with planar stratified media. Light emission by point dipoles in such
a configuration has been studied in details by Lukosz and Kunz [28]. Following their technique,
the Purcell factor F can be calculated as the ratio of the total power radiated by an ensemble of
electric dipoles close to stratified media (formed by diamond, metal mirror, and a gap between
them filled with an immersion oil) to that radiated by the same ensemble with the metallic mirror
and oil removed from the diamond surface, i.e. near the semi-infinite media of diamond and air.
In order to evaluate contributions of dipoles with different orientations to the full ensemble, we
have to consider a distribution of electric dipoles of NV defects in the diamond crystal lattice.

The emission from the NV defect is due to one of the two possible electric dipole transitions,
which are orthogonal to each other and located in the plane perpendicular to the symmetry axis
(z axis) of the NV defect [37,38]. The particular orientation of the dipoles is determined by non-
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axial local strain, and can be assumed to be distributed homogeneously in the xy plane for a
large ensemble of NV defects. Taking into account the four possible orientations of NV defects
in the diamond crystal lattice — [111], [1̄1̄1], [11̄1̄], and [1̄11̄] — we derive the following
relative amount of parallel and perpendicular dipoles in the ensemble with respect to the (100)
surface plane:

a‖ =
1 + cosθ

1 + cosθ + sinθ
, a⊥ =

sinθ
1 + cosθ + sinθ

, (4)

where θ = tan−1
√

2 ≈ 54.7◦ is the half-angle between the neighbouring bonds. This results
in a‖ ≈ 0.659 and a⊥ ≈ 0.341, very close to the values corresponding to a homogeneous
distribution of dipoles with a‖ = 2/3 and a⊥ = 1/3. The latter result is not surprising, given
that the four possible orientations of the NV defect homogeneously fill the full 4π solid angle,
forming a very symmetric tetrahedral arrangement.

In calculation of the Purcell factor F (d), we consider two semi-infinite diamond and titanium
media separated by a planar gap of variable thickness d. The refractive index of diamond is taken
to be nd = 2.41, the dielectric constant of titanium (ε = −7.3847+22.194i) is from Johnson and
Christy [39] at a wavelength of 690 nm — the approximate center of the NV defect fluorescence
spectrum, and the refractive index of the gap filled with immersion oil is noil = 1.5.

Fig. 4. (a) Purcell factor calculated for an ensemble of 4.5- and 8-nm-deep implanted NV
defects in bulk diamond.(b) An example of lifetime histogram with the best fit curve and
normalized fitting residuals.

The resulting calculated Purcell factor for 4.5- and 8-nm-deep NV defects is plotted in
Fig. 4(a) (solid lines). Since we defined the Purcell factor relative to the NV defect located
near the diamond-air interface, the decaying periodic oscillations tend to a value above unity
for the infinite gap size, because the effective refractive index (and hence the LDOS) around
the dipole is increased by substituting air with oil. For the limit of a vanishing gap, the Purcell
enhancement increases drastically because of the near-field energy transfer to free electrons in
metal, where the local density of states is very high. Interestingly, if we disregard the near-field
part of the dipole radiation, the trend for Purcell enhancement at zero-size gap will change to
the opposite [dashed lines in Fig. 4(a)]. Indeed, a metallic mirror efficiently reflects incident
far-field radiation, introduces an additionally π phase shift such that the reflected field interferes
destructively with the incident field. This inhibits radiation from the dipole and reduces the
radiative decay rate.

We performed fluorescence lifetime measurements using the time-correlated single-photon
counting technique. The accumulation of data for each point was continued until at least 1000
counts were detected at the maximum of the lifetime histogram. Depending on the photon count
rate, the dwell time at each point of the FLIM image could vary from 2 to 30 seconds, such that
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the overall acquisition time of one image was up to two days. This required high mechanical
and thermal stability of the setup. To evaluate the lifetime, we accomplished tail fitting of the
histogram data with a single-exponent decay function, leaving out the first 10 ns of the time trace
to exclude the influence of the instrument-response function. Single-exponent fitting provided
satisfactory results with the normalized residuals being in the range [−3; 3] and typically within
[−2; 2]. A representative lifetime histogram together with the fit curve and normalized residuals
of the fitting is shown in Fig. 4(b). These data were taken near the first bright ring of the FLIM
image shown in Fig. 2(b) with the fitted lifetime being 14.9 ns.

Funding

This work is supported by the Innovation Foundation Denmark with the project EXMAD and
the Danish Research Council through the Sapere Aude project DIMS.

Acknowledgments

The authors acknowledge the FLIMfit software tool developed at Imperial College London.

                                                                                       Vol. 24, No. 24 | 28 Nov 2016 | OPTICS EXPRESS 27725 



CHAPTER 6. DETERMINING THE INTERNAL QUANTUM EFFICIENCY
OF SHALLOW-IMPLANTED NV CENTERS
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Chapter 7

Photophysics of quantum emitters
in hexagonal boron-nitride
nano-flakes

The following chapter describes our study of the photophysical dynamics of quantum
emitters in hBN. We base the study on four emitters in few layer nanoflakes, which
we thoroughly characterise by their photoluminescence spectra, total decay rate of
the excited state, fluorescence rate as function of excitation power and especially the
power dependence of the second-order correlation function. In the following (Section
7.1)we motivate the study by considering some of the initial experimental findings
that lead to the final study. The work is presented in the main part of this chapter
(Section 7.2) as a manuscript in its submitted form.

7.1 Introduction and background

As mentioned in Section 2.3 the photophysical dynamics of hBN emitters has been
investigated by fitting the g(2)(τ)-function with a three-level model to extract the
radiative and non-radiative transition rates of the system [17, 80]. In the analysis
of our measurements of several quantum emitters in hBN nanoflakes, we found that
the three-level model did not produce good fits of the g(2)(τ)-function in general,
due to more bunching ’shoulders’ appearing than what can be explained by a single
metastable dark state.

As an example, we consider the characterization results of one emitter in hBN.
The photoluminescence spectrum under non-resonant excitation with a 523 nm CW
laser is presented in Fig. 7.1(a) showing a typical type 1 emitter with a ZPL at
around 620 nm. The fluorescence as a function of excitation power is presented
in Fig. 7.1(b). Clearly the fluorescence does not reach saturation in these mea-
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Figure 7.1: (a) Photoluminescent spectrum of a type 2 emitter in hBN under 532 nm excitation.
(b) Fluorescent count rate as a function of excitation power of the same emitter. The solid line is
a linear fit of the fluorescence intensity with the slope I = 1030± 32 Hz

µW .

surements since the emitter unfortunately bleached when the power was increased.
However, even well below its saturation power the fluorescence intensity of this
emitter is roughly five times higher than the maximum intensity from a single NV
center in the same setup. Blinking and permanent photobleaching was often ob-
served when characterizing emitters in hBN nano flakes. For the same hBN emitter
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Figure 7.2: (a) Lifetime traces for low, intermediate and highest power measured. (b) Lifetime
from single exponential decay fit as a function of power.

we investigated the total decay rate as a function of excitation power. The lifetime
measurement traces are shown in Fig. 7.2(a) for pulsed laser excitation powers of
10-300 µW. The excited state lifetime obtained from single exponential fits as a func-
tion of excitation power is presented in Fig. 7.2(b). The lifetime clearly does not
change significantly with increasing power. The measured intensity auto-correlation
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with delay time from sub ns to several µs for varying powers is presented in Fig.
7.3(a). At low power we clearly see bunching on a time scale of µs and the g(2)(τ)-
function is nicely described by a three-level model up to 200 µW of excitation power.
The traces in 7.3(a) for powers 50 and 100 µW are fit with the g(2)(τ)-function for
a three-level model given by Eq. 2.15. For higher powers the g(2)(τ) traces show
additional discrete bunching time scales that we can fit by adding exponentials to
the g(2)(τ)-function

g(2)(τ) = 1− (1 + a) exp(−τ/t1) + a exp(−τ/t2) + b exp(−τ/t3) (7.1)

g(2)(τ) = 1− (1 + a) exp(−τ/t1) + a exp(−τ/t2) + b exp(−τ/t3) + c exp(−τ/t4),
(7.2)

for a four- and five-level model, respectively. The time constant ti is associated with
the lifetime of metastable level i. Figure 7.3(b) and (c) shows the time constants
t1 and t2 for fits with a three-level model (25-200 µW), a four-level model (300-400
µW) and a five-level model (500 µW) as indicated by the symbols. As discussed
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Figure 7.3: (a) Second-order correlation measurements at three different excitation powers of
the same emitter in HBN. Solid lines are fits with (2)(τ)-functions based on a three-level (50-100
µW) and a five-level model (500 µW). (b) and (c) Extracted time constants from the first two
exponential terms of the (2)(τ)-functions based the three-, four- or five-level model.

in section 2.4.2 fitting the g(2)(τ)-measurement with additional exponential terms
can be used to extract the bunching time scales τi as done in [82]. However, for
systems with more than three levels we cannot use analytical expressions to extract
the individual rates to and from the metastable states. For this reason we turn to
numerical solutions of the system, where we can directly fit the transition rates.
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In our investigation of hBN emitters we observed permanent photo bleaching in
several cases, making thorough characterization of the emitters challenging. In fact
only few emitters exhibited photo stability with excitation powers high enough to
observe and characterize the saturation behaviour in fluorescence. In the following
manuscript, the analysis of four such photo stable emitters in hBN is presented. We
characterize the four emitters in terms of photoluminescence spectra, excited state
lifetime and saturation count rates. We find that the emitter characteristics show
good agreement with literature. In addition, we measure the second-order correla-
tion at varying excitation power and extract the transition rates by modelling the
dynamics with rate equations based on a four-level model. Based on these transition
rates and assuming that metastable states are associated with non-radiative tran-
sitions, we find that the IQE is close to unity for all emitters at excitation power
below saturation and that it decreases with power.

7.2 Manuscript submitted for publication
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Quantum emitters in hexagonal boron nitride (hBN) have attracted significant interest due to their
bright and narrowband photon emission at room temperature. The wide-bandgap two-dimensional
material incorporates crystal defects of yet unknown configuration introducing discrete energy levels
with radiative transition frequencies in the visible spectral range. The commonly observed high
brightness together with the moderate fluorescence lifetime indicates a high quantum efficiency, but
the exact dynamics and the underlying energy level structure remain unclear. In this study we
present a systematic and detailed analysis of the photon statistics recorded for several individual
emitters. We extract the individual decay rates by modeling the second-order correlation functions
using a set of rate equations based on energy level schemes involving long-lived states. Our analysis
clearly indicates excitation-power-dependent non-radiative couplings to at least two metastable levels
and confirms a near unity quantum efficiency.

I. INTRODUCTION

As part of the growing family of two-dimensional van
der Waals materials, hexagonal boron nitride (hBN) has
received great interest as a building block for layered
nano-electronic devices[1, 2], mainly as a wide band gap
substrate to facilitate for instance high performance of
graphene electronic and opto-electronic properties[3, 4].
With the discovery of optically active defect centers with
high brightness and a narrow emission spectrum, hBN
has emerged as a promising solid-state resource of single
photons for applications in nano-photonics[5–7]. Single-
photon emitters have been reported in single-layer, multi-
layer and bulk hBN material[5, 8], and emitters can be
created by electron or ion irradiation and annealing [6, 9].
The main emission peak, often referred to as the zero-
phonon line (ZPL), is inhomogeneously distributed over
a wide spectral range from 500 nm up to 800 nm [10]
and in comparison, the ZPL contribution to the total
spectrum was found to be reduced in high purity crys-
tals [11]. The bandwidth of the ZPL transition was re-
cently shown to be nearly lifetime limited at cryogenic
temperatures [12, 13]. Strong dependence of the opti-
cal activity of a hBN emitter on the pump laser wave-
length has been reported [14, 15], and the wavelength
dependence of the transition rates has been applied to
resolve hBN emitters with super-resolution [16]. Opti-
cal absorption and emission polarization measurements
of hBN emitters [12, 17] suggest an indirect excitation
mechanism depending on the excess energy of the exci-
tation laser with respect to the ZPL [18]. Two types of
defects have been identified and are denoted type I and
II, where the former features a relatively broad ZPL and
phonon side band (PSB) separated by roughly 160 meV,
and the latter features a narrower ZPL and a suppressed
PSB[6, 19].

∗ alexander.huck@fysik.dtu.dk
† http://www.bigq.fysik.dtu.dk/

Fluorescence intermittency, commonly referred to as flu-
orescence blinking, and spectral diffusion of quantum
emitters in hBN have been observed [11, 14, 19, 20] and
surface passivation of the substrate was shown to stabilize
and narrow the emission line for type-II defects in multi-
layer chemical vapor deposition grown hBN [19]. This
observation suggests that the defects are highly affected
by their local environment due to the two-dimensional ge-
ometry of the host material and the resulting close prox-
imity of the emitter to the surface.
Characteristic time scales for fluorescence intermittency
may range from a few ns up to several seconds, indi-
cating complex emitter dynamics as well as the pres-
ence of at least one additional state contributing to the
level scheme. Very limited information about the emit-
ter dynamics may be obtained from fluorescence count
data: While the shortest time scale accessible is deter-
mined by the maximum photon count rate, binning over
longer time scales averages the fluctuations. In contrast,
the second-order correlation function g(2)(τ) contains dy-
namical information about the emitter level scheme span-
ning many orders of magnitude in time. Precise model-
ing of g(2)(τ) using an underlying level scheme may then
yield the exact coupling strength between the emitter
levels. This method has been used to study the photo-
physics of other systems such as quantum dots [21] and
color-centers in diamond [22–24]. Measurements on hBN
emitters show photon bunching with correlation times
up to the ms-range, which clearly reveals the presence
of long-lived metastable states [7, 11, 25] and their de-
pendence on temperature has been investigated [10]. In
those studies, the correlation functions have been empir-
ically fitted with exponential functions, which allows for
the extraction of the overall time scales but does not yield
individual transition rates between the levels.

In this article we present a systematic study of the pho-
ton statistics emitted by defects in hBN nano-flakes. In
particular, we focus on measurements of the second-order
correlation function with delay times from sub-ns to the
ms time scale at varying excitation power. We present
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FIG. 1. (a) Representative fluorescence image of the sample
containing hBN nano-flakes, obtained with a cw pump power
of 2.5 mW. The indicated bright spot in the center is emitter A
and the scalebar is 2 µm. (b) Energy level diagram used here
to model the emitter dynamics. With an optical excitation,
the population is transferred from the ground state (level 1)
to the optically excited state (level 2). The excited state may
decay via a radiative transition back to level 1 and emit a
photon or non-radiatively to one of the shelving states (levels
3. . . N). The shelving states subsequently relax to level 1. The
diagram shows the possible transition pathways together with
the corresponding transition rates.

data of four bright emitters resistant to high-power ex-
citation and demonstrate the power dependence of their
transition rates obtained by simulating the system dy-
namics with a set of rate equations. The extracted cou-
pling strengths allow us to estimate the emitter quantum
efficiency, which is found to be excitation-power depen-
dent. Our experiments reveal complex dynamics with
photon bunching up to the ms time scale and requir-
ing a rate-equation model involving at least four levels.
For some emitters and excitation powers we observe flu-
orescence intermittency on a timescale of seconds with
distinct fluorescence-intensity levels. For these intensity
levels we extract the individual correlation functions and
demonstrate changes of distinct transition rates which we
correlate with the observation of spectral diffusion.

II. METHODS

A. Sample preparation and experimental setup

Our samples were prepared by drop casting 20 µL of an
ethanol/water solution containing hBN nano-flakes (pur-
chased at Graphene supermarket) onto a plasma cleaned
quartz disc. The sample was then left to dry in ambient
clean conditions before annealing for 30 min in a tube fur-
nace at 850 ◦C with a controlled temperature ramp and
cooling for several hours. The sample was characterized
in a confocal microscope with an immersion-oil objective
(NA=1.4). For excitation we used two 532 nm lasers:
a continuous-wave (cw) laser or a laser generating 4-ps-
wide pulses with a repetition rate of 5 MHz. The detec-
tion setup consists of two avalanche photo diodes (APDs,
Perkin Elmer) separated by a symmetric beam-splitter
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FIG. 2. (a) Photoluminescence spectra of emitters A–D,
shifted along the energy-axis to match the ZPL energy. The
respective ZPL wavelength is shown in the legend. (b) Mean
photo current Ī for the emitters A–D as a function of pump
power P. The solid line is a fit to the data with a saturation
law as explained in the text.

forming a Hanbury Brown and Twiss (HBT) setup. The
continuous and long time acquisition of photon counting
events from the APDs was carried out using a time tag-
ging module (PicoHarp 300, PicoQuant) with 4 ps time
resolution. From the raw data we subsequently computed
the second-order correlation function g(2)(τ) with a cor-
relation time τ up to several seconds.

B. Sample Characterization

We report on the detailed characterization of in total
four emitters, all from the same sample, which through-
out this study are labeled emitters A–D. The confocal
image presented in Fig. 1(a) shows a 10 × 10 µm2 scan
centered around the well-isolated emitter A. The normal-
ized spectra of the four emitters are plotted in Fig. 2(a)
with x− axis offset relative to the energy of the ZPL. The
y axis is shown in a logarithmic scale to highlight the
presence of the second and third PSB peaks, the latter
is distinct only for emitter A. We find that the first PSB
mode is red-shifted by 160.3± 4.1 meV (statistics taken
for a total of 18 emitters including A–D) from the ZPL
frequency EZPL, which is in agreement with reports on
type-I emitters [6, 11, 19]. The PSB magnitude of emit-
ter C is roughly just ∼ 6% of the ZPL intensity which is
also narrower compared to the other emitters [19]. The
ZPL wavelength is indicated in the Fig. 2(a) legend and
distributed over a ∼ 100 nm range.

The mean count rate Ī for each of the emitters A–D
as a function of cw excitation power P is presented in
Fig. 2(b). The mean count rate was fitted with a satura-
tion function I = I∞P

P+Psat
+bP+c, revealing the maximum

count rate I∞ for P −→ ∞, the saturation pump power
Psat, a linear contribution b accounting for fluorescence
background and a constant background c. In Tab. I we
summarize these parameters for all four emitters and the
total decay rate ktot obtained by fitting lifetime measure-
ment data with a single-exponential function. All emit-
ters have a significant brightness with I∞ in the ∼ MHz
range and negligible background contributions bPsat at
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TABLE I. Summary of parameters for emitters A–D. The
total decay rate ktot = 1/τ is determined by low-power life-
time measurements, where τ is the excited-state lifetime ob-
tained by fitting measurement data with a single-exponential
function. The maximum photon count rate I∞, the satura-
tion power Psat, and the power-dependent background b are
determined from fluorescence saturation measurements. The
constant pump-independent background c was set to 1 kHz
during fitting.

Emitter ktot [MHz] I∞ [MHz] Psat [mW] b [kHz/mW]

A 397.0 2.07 9.51 0

B 269.2 1.15 1.16 27.8

C 715.6 1.17 6.54 0

D 277.2 1.04 4.93 0

the saturation power Psat. A lower bound of 1 kHz is set
for the constant background c to account for the dark-
count level of the APDs and residual background noise
from the setup.

C. Second-order correlation function modelling

From the g(2)(τ) function measurements of all emit-
ters we observe photon anti-bunching at vanishing delay
times τ −→ 0 and significant photon bunching on time
scales between τ ≈ 10−9 − 10−3s. At times τ > 10−3s,
the g(2)(τ) data flattens and approaches unity in the limit
of τ −→ ∞, demonstrating Poissonian photon statistics.
The observation of photon bunching in g(2)(τ) over time
scales up to the millisecond range reveals the presence
of other transitions and levels than the radiative tran-
sition. We model the system with a set of four levels
as indicated in Fig. 1(b), including a ground state (level
1), an optically excited state (level 2) radiatively cou-
pled with krad to the ground state, and two metastable
shelving states (levels 3 and 4). It is important to note
that we did not obtain satisfying fits using a model with
only one shelving state, which is in contrast to previous
reports on emitters in hBN. We argue that a model with
in total four levels is justified by our experimental data.
By means of optical excitation, population is transferred
from the ground state to the excited with a rate kexc.
The excited state may decay radiatively to the ground
state or non-radiatively to any of the shelving levels at a
rate k2i, and the levels i may subsequently relax to the
ground state at a rate ki1. Since our experiments are car-
ried out at room temperature where dephasing typically
occurs over timescales of 10−14 − 10−12s (confirmed by
the spectral linewidth of the ZPL), which is much faster
than the transitions between the levels, coherences may
be neglected and hence the system dynamics can be sum-

marized by the set of rate equations:

ρ̇1 = −kexcρ1 + kradρ2 + k31ρ3 + k41ρ4,

ρ̇2 = kexcρ1 −
(
krad + k23 + k24

)
ρ2,

ρ̇3 = k23ρ2 − k31ρ3,

ρ̇4 = k24ρ2 − k41ρ4,

(1)

where ρi is the population of level i with the normaliza-
tion

∑
i ρi = 1. Starting at τ = 0 with all the population

in the ground state, ρ1(τ = 0) = 1, we then numerically
solve the set of coupled differential equations (1) to ob-
tain the time evolution and thus a model for the second-
order correlation function via g

(2)
mod(τ) = ρ2(τ)/ρ2(τ −→

∞). In order to correct for the finite response time of

our detection system, we convolve g
(2)
mod(τ) with the inde-

pendently measured instrument response function (IRF)
and correct the result for background noise, assuming
the background noise is Poisson distributed, to obtain
the fitting function

g
(2)
fit (τ) = 1− σ2 + σ2g(2)

conv(τ), (2)

where g
(2)
conv(τ) =

∫∞
−∞ g

(2)
mod(τ) IRF (τ − t)dt and σ =

S
S+B is the ratio of signal level S to the total photon

counts including background B = bP + c [26]. Using
the rates kij as fitting parameters, the measured second-
order correlation functions were then fitted with Eq. (2).
In the fitting, we use the relation of the independently
measured lifetime to total decay rate 1/τ = ktot =
krad + k23 + k24, which removes krad as a fitting param-
eter from the analysis. The lifetime was acquired in the
beginning of an experimental run with a low excitation
power Ppulsed < 10 µW (energy per pulse < 10 pJ) to
prevent bleaching and photo-physical degradation of the
emitters.

III. RESULTS

A. Transition rates and photon bunching

The set of measured g(2)(τ) functions of emitter A is
presented in Fig. 3(a) for a range of pump powers to-
gether with the curves obtained by fitting Eq. (2) to the
data. The results obtained for emitters B–D are summa-
rized in Appendix A. We observe photon anti-bunching
for all emitters over the entire range of pump powers
at a time scale τ . 1 ns and photon bunching on time
scales up to around 100 µs. For all emitters we observe
that bunching, quantified by the maximum g(2)(τ) value,
decreases with increasing excitation power. We fit the
g(2)(τ) functions of all emitters with a four-level model to
obtain satisfying fitting results with homogeneously dis-
tributed residuals [see Fig. 3(b)]. This means that there
are two metastable shelving states contributing to the
dynamics of the emitters. With increasing pump power
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FIG. 3. Characterization of emitter A: (a) Measured

g(2)(τ) functions for different optical excitation powers ex-
pressed in units of saturation power Psat together with cor-
responding fits using Eq. (2). The plots have been displaced
along the vertical axis for clarity. (b) Residuals of the fit
with Eq. (2) for the pump power 0.17Psat. (c–e) Power de-
pendence of transition rates (cf. Fig. 1b) extracted from
fits of the measured second-order correlation function with
Eq. (2). Solid lines are the linear fits to the power depen-
dencies (note the logarithmic scale for power). The best
fits are described by k23 = 2.06 MHz P

Psat
+ 1.9 MHz, k31 =

1.3 MHz P
Psat

, k24 = 7.32 MHz P
Psat

, k41 = 7.41 MHz P
Psat

, and

kexc = 266 MHz P
Psat

+ 2.2 MHz. The error bars show one
standard deviation.

we register for all emitters a clear increase of g(2)(0). The
estimated background factor σ and convolution with the
IRF [cf. Eq. (2), time resolution ≈ 0.8 ns] explain the in-
crease of g(2)(0) for emitters A and B, but slightly under-
estimate the experimental results obtained for emitters C
and D at high excitation powers (Figs. 3,7–9).

The rates extracted from the rate equation model for
emitter A are summarized in Fig. 3(c)–(e) with the error
bars illustrating one standard deviation. The solid lines
are obtained by empirical fits to the data. As expected
for an emitter with off-resonant optical excitation, we ob-
serve a linear scaling of kexc(P ) approaching k0

exc ≈ 0 at
P = 0 mW within the fitting error. All rates associated
with the dark levels (3 and 4) have a power dependence
sufficiently well described by linear functions (note the
logarithmic scale for power in Fig. 3). All scaling param-
eters are summarized in the caption of Fig. 3. The rates
k24, k31, and k41 show very good linear behaviour (R-
squared > 0.98) and approach zero at vanishing excita-
tion power, while k23 has more variation and approaches
a finite value k0

23 = 1.9 MHz in the limit P → 0. The
observed linear dependencies of the deshelving rates ki1
with pump power are in agreement with earlier observa-
tions on single defects in hBN [11] and diamond [27]. It
should be noted that compared to high excitation pow-
ers, at low excitation powers with P < Psat, the noise

of g(2)(τ) is more pronounced (∆g(2) = 0.089 at 0.02Psat

compared to ∆g(2) = 0.012 at 2.74Psat) owing to the
smaller count rates in this regime and the finite mea-
surement time. This aspect results in slightly increased
uncertainties for P < Psat of the coupling rates extracted
from the model.

B. Fluorescence intermittence

For emitter A at an intermediate range of pump pow-
ers between approximately 0.3Psat and 1.2Psat and after
finalizing the characterization described above, we ob-
served telegraph-like fluctuations of the photon counts
both under CW and pulsed laser excitation, clearly iden-
tifying bright and dark florescence levels. In the fol-
lowing, we will analyze the underlying dynamics related
to this observation in more details. Three traces were
recorded under CW excitation for a duration of 2 min
each and for pump powers of 0.34Psat, 0.53Psat, and
1.16Psat. The fluorescence trace with 0.34Psat is pre-
sented in Fig. 4(a). We processed the data by setting
a threshold on the count rate and separated the count-
ing events belonging to the bright and the dark fluores-
cence level, as indicated by the distinct blue (bright)
and red (dark) color coding of the data. The g(2)(τ)
functions were then calculated from experimental data
for the bright and the dark fluorescence levels individu-
ally and each result fitted with Eq. (2). The resulting
g(2)(τ) traces for the bright and dark fluorescence levels
are shown in Fig. 4(b) for the recording with 0.34Psat.
While the overall shape and the time scales are similar
in both cases, photon bunching is significantly more pro-
nounced for the dark fluorescence level. This behaviour
is found for all three excitation powers we have inves-
tigated. Indeed, compared to the continuous acquisition
(see Fig. 3), we observe an increase of k23 [Fig. 4(d)] while
kexc is nearly unchanged [Fig. 4(e)], which explains the
reduced counts recorded for the dark fluorescence level.
Since k31 remains unchanged, the increase in k23 also ac-
counts for the increased bunching level. In addition, an
increase in k41 is observed, which by itself has the effect
of decreasing the bunching level. Evaluating the effect of
the individual changes in the rates we conclude that the
difference in bunching level between the dark and bright
fluorescence levels is mainly due to the change in k23.

Furthermore, the simultaneous acquisition of the fluo-
rescence spectrum together with the fluorescence counts
[Fig. 4(f)–(h)] proves a distinct correlation between flu-
orescence intermittency and spectral diffusion. This is
expressed by an ≈ 1 nm red-shift of the dark level peak
ZPL wavelength relative to the ZPL of the bright fluores-
cence level [Fig. 4(h)]. The timescale over which blinking
is observed decreases with pump power. Together with
the spectral shifts this indicates that the process origi-
nates from site-specific and optically induced charge state
fluctuations, in agreement with similarly prepared sam-
ples on a SiO2 substrate [14]. These fluctuations can be
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FIG. 4. (a) Photon count of emitter A at an excitation power of 0.34 Psat. The blinking is clearly visible and a threshold

value (dashed line) was set to discriminate between a high and low fluorescence level. (b) g(2)(τ) functions evaluated separately
for experimental data points corresponding to the bright (blue) and dark (red) fluorescence levels. The solid lines are fits
obtained with Eq. (2). (c)–(e) Transition rates for the bright and the dark fluorescence levels for excitation powers 0.34, 0.53,
and 1.16Psat. The solid lines are plotted as a reference and obtained from the continuous acquisition [see Fig. 3(c)–(e)]. The
triangles are the rates obtained from the gated acquisition presented in (b), where solid (open) triangles belong to photon
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FIG. 5. (a) Photon count trace of emitter A obtained
with pulsed laser excitation with a power of 0.4 mW and
5 MHz. Three distinct count-rate levels are clearly iden-
tified and highlighted by coloring. (b) Time-resolved fluo-
rescence histograms (solid lines) extracted for each distinct
count-rate level and together with exponential fits (dotted
lines). All decays are well described by a decay time con-
stants of 2.51± 0.1 ns except level 3, which requires a second
exponential function with time constant of 1.21 ± 0.1 ns.

avoided by suitable surface passivation with for instance
a thin layer of Al2O3 [19].

We additionally recorded the time-resolved photon
counts with pulsed laser excitation, in which case again
from emitter A we observed telegraph-like blinking be-
tween a bright and a dark fluorescence level. The repre-
sentative fluorescence time trace in Fig. 5(a) shows three
distinct fluorescence levels, from which three separate
photon-arrival-time histograms are obtained after post-
processing the data [Fig. 5(b)]. The lifetime of the respec-
tive fluorescence levels is well described by a time con-
stant of 2.5±0.1 ns apart from the brightest level, which
contains an additional exponential component with a
short time constant of 1.2 ± 0.1 ns. Considering the
bandwidth of this approach, df = 1/|τ |2dτ ≈ 160 MHz,
these results are qualitatively in agreement with the small
changes of k23 in the order of MHz obtained with CW
excitation and recording of the second-order correlation
function.

C. Internal quantum efficiency

The internal quantum efficiency (IQE), defined as the
ratio of radiative decay rate to the total decay rate, is an
important property of an emitter and characterizing its
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function of excitation power. Error bars indicate one standard
deviation and are propagated errors from the transition-rate
analysis.

intrinsic brightness. It has been reported in numerous
works that fluorescent emitters in hBN generally yield
high photon count rates. Taking the lifetime into consid-
eration, emitters hence should have a high IQE. Thus, a
near-unit quantum efficiency was inferred from an emis-
sion rate of ∼ 4×106 counts/s at saturation [11]. In order
to obtain a more quantitative estimate of the quantum
efficiency, a calibration of the setup collection and de-
tection efficiency has been made [5, 15]. Then the IQE
was determined by measuring the maximum count rate
(at asymptotically infinite power), where unambiguously
the count rate is proportional to the excited-state popula-
tion. This yields values for the IQE of 0.65 for an emitter
in hBN reported by Tran et al. [5], and 0.2–0.6 for one
hBN emitter and 0.5–1 for another reported by Schell
et al. [15]. Similar to our analysis, Tran et al. [5] fit-
ted experimentally measured g(2)(τ) function at different
excitation powers to extract radiative and non-radiative
transition rates. From the reported rates we estimate the
IQE in their case to be ∼ 97% for their emitter.

With the pump-power-dependent relaxation rates ob-
tained from the CW correlation-function measurements,
we are also able to estimate the IQE of our emitters A–
D. Assuming that the emitter dynamics are described by
the level scheme shown in Fig. 1(b), the IQE can be cal-
culated as ηIQE = krad/ktot = k21/(k21 + k23 + k24) and
is presented in Fig. 6. Since the shelving rates k23 and
k24 are power dependent, the IQE also depends on ex-
citation power. In agreement with the large saturation
count rates observed, our estimation shows that IQE of
all emitters is close to unity (above 95%) in the regime
P . Psat, but decreases with increasing pump power. It
has been argued for other single-photon sources (terry-
lene and dye molecules) [28, 29] that power dependence
of deshelving rates (in our case k31 and k41) results from
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FIG. 7. Characterization of emitter B, similar to analy-
sis of emitter A presented in Fig. 3: (a) Measured g(2)(τ)
functions for different optical excitation powers together with
corresponding fits using Eq. (2). (b) Residuals of the fit to the
data measured at 0.86Psat. (c)–(e) The resulting fit param-
eters as a function of excitation power. Error bars show one
standard error and solid lines are the best linear fits described
as follows: k23 = 0.72 MHz P

Psat
, k31 = 0.20 MHz P

Psat
, k24 =

6.44 MHz P
Psat

, k41 = 7.57 MHz P
Psat

and kexc = 61.3 MHz P
Psat

.

optical excitation of higher states of the same multiplicity
with the subsequent reverse intersystem crossing (relax-
ation) to the excited state. Fleury at al. [28] speculated
that this process was responsible for remarkable photo-
stability of terrylene at ambient conditions. This may as
well be the case for fluorescent defects in hBN. We fur-
thermore argue that shelving rates k23 and k24 depend on
power due to thermally activated non-radiative processes.
This has been experimentally demonstrated and studied
for other color centers, e.g. nitrogen-vacancy centers in
diamond [30]. It is important to note that the decrease
of IQE with pump power is an effect distinct from the
saturation behaviour of a quantum emitter and entirely
due to non-radiative relaxation processes.

IV. CONCLUSIONS

In conclusion, we report on the observation of bright
single photon emitters in hBN nano-flakes at room tem-
perature. For four emitters we carefully measure and
evaulate the second-order correlation function in the
regimes well below and above saturation power Psat. We
observe photon anti-bunching at vanishing delay times
proving single photon emission and photon bunching at
long time scales up to the sub-ms range. The time scale
and level of bunching decreases with power and indicates
complex power-dependant emitter dynamics. Assuming
a particular energy level scheme with corresponding tran-
sitions, we convincingly fit the experimentally measured
second-order correlation functions and extract the tran-
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sition rates of these emitters from the model. Our analy-
sis shows that, in addition to optical ground and excited
states, at least two additional levels contribute to the dy-
namics of these emitters. All emitters investigated here
have similar optical spectra corresponding to type-I emit-
ters in hBN reported previously in the literature.
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ear fits described as follows: kexc = 1033 MHz P

Psat
, k31 =

1.9 MHz P
Psat

+0.9 MHz, k23 = 9.7 MHz P
Psat

+0.03 MHz, k41 =

9.8 MHz P
Psat

− 0.8 MHz, and k24 = 11.6 MHz P
Psat

− 0.5 MHz.

Error bars in (b)–(d) show one standard error.

Fluorescence intermittency with distinct fluorescence
levels was observed for one emitter and the correlation
function for each fluorescence level was individually char-
acterized. Based on this analysis, we could associate the
blinking behaviour mainly with changes in the internal
quantum efficiency presumably caused by local and op-
tically induced charge fluctuations. Under pulsed excita-
tion at relatively high power, a similar blinking behaviour
was observed, though no change in the total decay rate
for the different brightness levels could be extracted from
the lifetime measurements. Our observations indicate
that the internal quantum efficiency of fluorescent de-
fect centers in hBN is close to unity at low excitation
power, but clearly decreases with power due to increased
and power dependent non-radiative losses of the system.
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Appendix A: Characterization of emitters B–D

Experimental data and fitting results for emitters B–D
are presented in Figs. 7–9.
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FIG. 9. Characterization of emitter D, similar to analysis of
emitter A presented in Fig. 3: (a) Measured g(2)(τ) functions
for different optical excitation powers together with corre-
sponding fits using Eq. (2). (b)–(d) The resulting fit param-
eters as a function of excitation power. Error bars show one
standard error and solid lines are the best linear fits described
as follows: kexc = 229 MHz P

Psat
, k31 = 0.49 MHz P

Psat
, k23 =

0.37 MHz P
Psat

, k41 = 4.67 MHz P
Psat

, and k24 = 2.47 MHz P
Psat

.

Error bars in (b)–(d) show one standard error.

Appendix B: Saturation curves

The average count rate was extracted from the same
time-tagged acquisition as were the g(2)(τ) functions.
The data for the two detector channels were binned in
200-ms time slots for the full duration of the measure-
ment. The data from two channels was added to obtain
the combined count rate, from which the average count
rate and standard deviation were calculated. The aver-
age count rate as a function of excitation power for all
emitters is presented in Fig. 2(a) with error bars indicat-
ing one standard deviation. The curves are fitted with
I = I∞P

P+Psat
+ bP + c, where a lower limit of 1 kHz was

imposed on the value c, which accounts for the combined
dark count rate of both detectors. The resulting fit pa-
rameters are presented in Tab. I.

Appendix C: Estimation of errors for transition
rates kij

In order to estimate the fitting errors for the rates kij ,

we first calculate the Jacobian matrix Jmn =
∂fm
∂xn

, where
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fm is the fit function g
(2)
fit(τ) and xn are the fitting pa-

rameters kij . We then calculate the covariance matrix
as C = σ2(J′J), where σ is the standard deviation of

the residuals of the fit procedure. Finally, the standard
errors of the rate parameters are found as the square of
the diagonal elements of C.
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CHAPTER 7. PHOTOPHYSICS OF QUANTUM EMITTERS IN
HEXAGONAL BORON-NITRIDE NANO-FLAKES
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Chapter 8

Summary and Outlook

During this PhD project, we studied effects of plasmonic decay rate enhancements
and photodynamics of solid state quantum emitters. Three experiments with NV
centers and one experiment involving hBN, were presented in this thesis.

For NV centers implanted close to the surface in bulk diamond, we assess the
modification on the SNR of spin readout measurements by a Purcell enhancement.
This is done by measuring spin readout SNR of a single NV center before and after
depositing silver on the diamond. We observe more than 2.4 fold decrease of the
total lifetime of the emitter when adding the silver. To evaluate the dynamics of the
NV centers, we model the spin system with a five level rate equation model, taking
radiative transition rates, non-radiative intersystem crossing rates and spin-mixing
into account. The modelling was carried out using a differential evolution algorithm
and we simultaneously fit spin readout traces obtained with and without silver for six
excitation powers each. Knowing the transition rates of the system from modelling,
we evaluated the SNR under an arbitrary Purcell enhancement exceeding what we
obtained experimentally. We find that if spin-mixing is a radiative process the SNR
will generally decrease with Purcell factor while for non-radiative spin-mixing the
tendency is that SNR increases with Purcell factor.

In another study, we examine the use of metamaterials for decay rate enhance-
ment of quantum emitters. The materials in question are thin layered structures
of TiN prepared in such a way that they exhibit a range of frequencies at which
their permittivity is close to zero. Such ENZ materials have been predicted to result
in large Purcell enhancements for emitters in the close proximity. We study the
lifetime reduction of NV centers in nano diamonds by placing them on top of two
TiN substrates with ENZ properties. For one substrate the ENZ point matches the
PSB emission of NV centers, for the other the ENZ point is shifted to wavelengths
lower than what is covered by NV emission. More than 240 NV centers were evalu-
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ated by measuring their lifetime on the two TiN substrates and on a glass reference
substrate. Clear decay rate enhancements were observed on both TiN substrates
with roughly a 2-fold decreases of measured lifetimes, showing that the materials
can indeed by used for decay rate enhancement. The different ENZ points of the
two TiN substrates did not result in a significant difference in rate enhancement.
For this reason, the results are inconclusive as to what material related effect the
enhancement can be ascribed to. A natural way forward for this study would be to
characterise individual NV centers in nanodiamonds on a TiN substrate with ENZ
point close to the NV emission wavelength, anneal the substrate to move the ENZ
point and characterise the same NV centers. This would greatly reduce the statis-
tical uncertainty of the effect of these materials. One could do the same sequence of
measurements, but using shallow implanted NV centers in bulk diamond with the
TiN deposited on top. In addition this would enable the characterisation of the NV
centers without the TiN to get the full picture and precise magnitude of the rate
enhancement. Using a quantum emitter with a narrower emission spectrum than
the NV center would be beneficial if one could match that with the ENZ point of
the TiN. Quantum emitters in hexagonal boron nitride with narrow ZPL and well
separated PSB are good candidates for such emitters.

In the last NV center related experiment described in this thesis, we determined
the internal quantum efficiency of shallow implanted NV centers in bulk diamond.
We placed a Ti covered hemisphere with a radius of 1 mm on top of a bulk diamond
with thin dense layers of NV center implanted to a shallow depth of either 4.5±1 or
8±2 nm. Due to the known curvature of the metallic mirror the xy-coordinates of
NV centers could be directly related to mirror-emitter distances. We used this Drex-
hage type scheme to measure the lifetime as a function of mirror distance. Based
on calculations of the expected Purcell enhancement, we model the lifetime data
and extract the IQE. We find that there is a need to take into account the photo-
ionisation of the NV− to the neutrally charged NV0. Doing so, we obtain good fits
for both implantation depths and obtain IQE values of 0.70±0.07 and 0.82±0.08 for
implantation depths of 4.5±1 and 8±2 nm, respectively.

Quantum emitters in hexagonal boron nitride are recently discovered bright
sources of single photons in the visible range, with relatively narrow ZPL and short
lifetime in the order of 3 ns. The 2D structure of the hBN host crystal and the
ability of having single atomically thin layers with bright quantum emitters, offers
the advantage over diamond based emitters of no internal reflection and thus higher
photon extraction efficiency. The close proximity of the emitter to the surface of
the host material means they have great potential for efficient coupling to plasmonic
structures or nanophotonic systems. In addition, hBN in combination with other 2D
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materials, such as graphene and transition metal dichalcogenide monolayers can be
incorporated in layered Van der Waals devices. In this thesis, investigations of the
time resolved dynamics of quantum emitters in hBN nano flakes were presented. To
study the photodynamics of the emitters on short and long time scales, we evaluate
the second-order correlation function, with delay times spanning several orders of
magnitude, in a range of excitation power from well below to well above the sat-
uration power. We found photon bunching on long timescales in the correlation
function, which indicates the presence of metastable states. Assuming a simple level
scheme, and using the associated rate equations that describe the models dynamics
to fit the measured correlation function, we found that at least two metastable states
were needed to fit the measurements. We found that the extracted transition rates
increased linearly with excitation power. For one emitter we observe and charac-
terise fluorescence intermittency, where the count rate jumps between two or more
distinct levels. By selectively calculating the second-order correlation function for
the distinct bright and dark fluorescence levels, we found that this blinking could
be related to distinct changes in the transition rates associated with the metastable
states. We also observed that the jumps in count rate coincided perfectly with ∼1
nm spectral jumps of the ZPL. Based on the extracted transition rates, and assum-
ing that transitions linked to the metastable states are non-radiative, we find that
the IQE is close to unity below saturation power, and decreases with increasing exci-
tation power due to power dependant non-radiative transitions. We do not know the
exact electronic structure of hBN emitters, thus it would be beneficial to determine
the IQE without having to assume a certain level structure. This can be done by
employing a method similar to that described in Chapter 6. The goal is to measure
the lifetime as a function of distance to a metallic mirror and use the calculated
expected lifetime modification to extract the IQE. Several attempts were made at
this with hBN emitters during this thesis, by placing the hemisphere mirror on a
piezo stage to be able to adjust the mirror-emitter distance. However, it was found
difficult to get close enough to the emitter with the mirror to observe a clear lifetime
reduction. In addition, when scanning the mirror in ‘free space’ the measurement is
prone to noise from vibrations in the piezo stage and mount holding the mirror.

Finally, let us discuss how to proceed from here. Apart from the suggested
improvements for the experiments mentioned above, what can be do to move on
within this field?

The Drexhage type scheme to determine the IQE of quantum emitters could
be applied to investigate other defects in diamond, such as SiV and GeV. Both of
these emitters exhibit shorter lifetime and higher count rates than NV centers, but
also show photon bunching in second-order correlation, indicating the presence of
metastable states that can lower the IQE.

For the quantum emitters in hBN there are many open questions. First of all, the

83



CHAPTER 8. SUMMARY AND OUTLOOK

defect configuration is largely unknown. More detailed studies on the preparation
and formation of the emitters might give insight in this area. Defects in nanoflakes
in particular are subject to wide inhomogeneous broadening of the ZPL position.
Understanding the underlying mechanism that cause this effect would be the first
step toward turning it into an advantage, where the ZPL can be deliberately tuned
to the desired wavelength. Otherwise, in my opinion it would be a good idea to
focus the attention on emitters in bulk hBN, where one would expect to find the
intrinsic properties of the emitters. For basic characterisation more low temperature
spectroscopy experiments are needed. Many of these experiments are going on at
the moment and new interesting results are sure too follow soon.
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