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ABSTRACT

With the immense progress demonstrated in recent years in the field of quantum com-
munication, the use of quantum networks in applications ranging from secure communi-
cation to distributed quantum computing is within reach. Systems meeting the require-
ments set for distant, long-lived network nodes are continuously being identified and
developed. The nitrogen-vacancy center (NV) in diamond is a solid-state defect fulfilling
many of these conditions, one being its spin-state-dependent fluorescence that provides a
direct way to distribute entanglement across a quantum network. Further advantages in-
clude record-long spin coherence times at low- and room temperature, spin-state control
via electric, magnetic, strain and optical fields, and nearby nuclear spins that can be used
for the storage and manipulation of quantum states. However, NVs also display a num-
ber of limitations related to their photonic properties. An inefficient photon extraction
from the diamond host material, a small fraction of coherent emission, a long radiative
lifetime as well as broadened optical linewidths in microstructured diamond all impose
limitations on experimental implementations of NVs as nodes in a quantum network.

In this work, we address each of the above-mentioned problems. We develop two
improved methods for NV formation – laser writing and carbon implantation post-
fabrication (IPF) – and show that they result in reduced NV optical linewidths, both in
bulk and in microstructured diamond. This indicates a lower charge-noise level and re-
duced spectral diffusion compared to other approaches. Most importantly, the majority
of the created NVs exhibit a linewidth below 150 MHz, implying a minimized need for
NV pre-selection and a reduced experimental overhead in spin-photon entanglement op-
erations.

We incorporate diamond platelets with NVs created via carbon IPF into an open micro-
cavity and make use of the Purcell enhancement resulting from tuning the cavity onto res-
onance with specific NV transitions to increase the coherent photon flux. We successfully
operate the system at cryogenic temperatures, achieving high finesse values of up to 7 900
on the diamond, and detect photon count rates under off-resonant excitation four times
higher than the current state-of-the-art. For the first time for an NV in diamond, we suc-
cessfully measure resonance fluorescence with a signal-to-background ratio higher than
1 without relying on temporal filtering. Projecting the current system efficiency to appli-
cations relying on two-mode interference would result in entanglement rates increased
by more than an order of magnitude. Even higher gains are within reach after reasonable
system improvements. The low-charge-noise NVs and the ability to resonantly generate
single photons and with high probability establish the NV-cavity platform as an attractive
photonic interface, paving the way for faster and more efficient long-distance quantum
communication based on defects in diamond.
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1
INTRODUCTION

In December 1969, a message was successfully sent and received over a four-node net-
work on what can be seen as the eve of the classical internet. The network, called the
Advanced Research Projects Agency Network (ARPANET), consisted of four Interface
Message Processors, or IMPs, distributed across research institutes in California1–3. Ini-
tially conceived to share resources between remote computers, it has since grown into
the backbone of the modern world, providing access to knowledge, transferring virtual
resources, and enabling communication across borders and continents.

Today, about 50 years later, we are on the eve of the formation of a quantum inter-
net. Implementations exchanging quantum information over large distances have been
demonstrated4–10and a small-scale multi-node quantum network based on the nitrogen-
vacancy center (NV) in diamond has been implemented for the �rst time 11,12. A quan-
tum network, working in parallel with classical networks, will enable new capabilities
ranging from secure communication and identi�cation processes to precise clock syn-
chronization and distributed quantum computing.

The basis of any quantum communication is a quantum bit, or qubit, which can not
only take a value of 0 or 1 but also be in a superposition of the two. This changes the way
information is created, transported, processed, and read out. Connecting two qubits with
each other relies on quantum entanglement, which leads to correlations between distant
nodes irreproducible with classical bits and networks. The fact that a qubit cannot be
copied leads to direct ways of detecting external interference and errors, new means to
encrypt data and appealing possibilities such as quantum key distribution 13.

A qubit can be realized by almost any two-level system. Implementations up to now
include superconducting circuits 14,15, cold atoms16,17, trapped ions18–20, photons21–23,
spins in semiconductor quantum dots 24–26, spins in self-assembled quantum dots27–30,
and solid-state defects31,32. The state control is realized by means ranging from radio-
frequency �elds to microwave, magnetic, electric, strain and optical �elds. This ”zoo”
of systems has led to the establishment of the �elds of quantum sensing, quantum com-
puting and quantum communication, with immense progress being demonstrated to this
day.

The optical interaction of a single emitter and a single photon is a direct way to dis-
tribute entanglement across a quantum network over long distances. Through either
quantum or classical channels, information can be sent between distant nodes, enabling
secure and high-�delity communication 33. For this to work as intended, matter qubits
need to meet a number of requirements on their spin properties, optical properties,
charge-state control, creation mechanisms, material engineering and implementation into
micro- and nanostructures 34. The NV in diamond, a solid-state defect identi�ed in the
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1970s and detected as a single center for the �rst time in 199735, has shown many of
the necessary properties: long spin coherence at low and at room temperature36,37, spin-
dependent emission enabling optical spin-state readout 38, high quantum ef�ciency 39,
charge-state initialization via off-resonant excitation, spin-state control via electric, mag-
netic, strain and optical �elds 38, tuning of the emission frequency with electric �elds 40,41,
cycling and non-cycling optical transitions enabling single-shot spin readout 42,43 as well
as nearby nuclear spins that can be used for the storage and processing of quantum
states44,45. Additionally, synthetic growth of diamond allows for the creation of iso-
topically puri�ed samples and controlled incorporation of impurities 46. Finally, there
is a multitude of methods to form NVs in diamond at precise locations, such as ion
implantation 47,48and the recently developed method of laser writing 49.

These developments have together led to applications of NVs both in quantum sensing,
demonstrating nanoscale resolution and sensitivity in magnetometry 50, electrometry51,52

and thermometry 53, and in quantum communication, with long-distance spin-spin
entanglement54, multi-node distributed quantum networks 11,12, and multi-qubit spin
registers45. Despite exhibiting a lot of advantages for quantum communication, NVs
also bear several limitations related to their photonic properties: a low photon extraction
out of the diamond host material, a small fraction of coherent emission 55, a long radiative
lifetime 56,57and reduced optical coherence in microstructures due to a high sensitivity to
charge noise58. All of these issues contribute to increased experimental overhead, low co-
herent photon �ux, reduced experiment �delities, and the need for preselection of NVs
for most applications 59.

Together, these limitations point towards the need for new, or improved, methods of
NV creation as well as for photonic solutions to increase the NV coherent photon �ux.
In this work, we address both aspects: we develop two improved methods for NV for-
mation, and couple the created NVs to the mode of an open microcavity 58,60–64in order
to increase in the �ux of useful photons. The advantage of our system is that it requires
minimal diamond fabrication, making it possible to preserve the good, almost bulk-like,
optical properties of the NVs as well as to position the emitters far away from surface-
related noise sources. We show a strong enhancement of the photons emitted out of the
system compared to NVs located in free space, and measure resonance �uorescence in
the coupled NV-cavity system. The experiment relies on one of the developed NV cre-
ation methods, yielding NVs with narrow optical linewidth at a precise depth within
the diamond, with little or no emitter preselection. The microcavity allows full spectral
tunability and increases the collection ef�ciency, coherent photon fraction, and �ux of co-
herent photons, presenting an important step towards a coherent spin-photon interface
based on NVs in diamond.

This thesis is divided into several main parts. Chapter 2 is dedicated to motivating
and describing the background behind this work, to place it in context with what has
already been achieved in the �eld. Furthermore, it explains important concepts regarding
NVs, NV formation methods, and the use of optical cavities to enhance the light-matter
interaction between solid-state emitters and photons. The following three Chapters 3, 4
and 5 report on the results achieved in this work. Chapter 3 describes a re�ned method of
creating NV centers in diamond, where a high-power femtosecond laser is used together
with a solid immersion lens to create vacancies that subsequently form low-charge-noise
NVs. Chapter 4 illustrates a parallel path undertaken to create low-charge-noise NVs,
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in which carbon ions are implanted after the creation of the diamond microstructures,
preserving good optical properties even in thin diamond. This is the approach chosen for
the diamonds used in Chapter 5, where the emission of NVs in a thin diamond platelet
is coupled to the mode of a tunable open microcavity in order to enhance the coherent
photon �ux out of the system. Finally, Chapters 6 and 7 conclude on the results and
present future research directions.



2
BACKGROUND

Diamond is a material famous for its hardness, thermal conductivity, optical properties
– and, increasingly during the past 20-30 years, its defects. Tetrahedral covalent bonds
between its carbon atoms, arranged in a version of a face-centered cubic structure, give
a tightly packed and rigid structure, and the substitution or absence of carbon atoms on
selected lattice sites leads to electronic states deep within the 5.47 eV wide bandgap65,66.
These states, known as color centers, possess appealing spin and optical properties that
can be employed for a range of applications in quantum sensing and quantum commu-
nication.

2.1 The NV center in diamond

The NV center, a color center in diamond consisting of a substitutional nitrogen atom
and a neighboring vacancy, is either formed naturally during the diamond growth (then
referred to as a ”native” NV), or created by a wide variety of methods afterwards.

Diamond itself has been grown synthetically since 195365. The two main synthe-
sis methods are chemical vapor deposition (CVD) and high-pressure-high-temperature
growth (HPHT) 67,68. The most common impurity is nitrogen (N), and diamonds are cate-
gorized as type-I or type-II depending on whether they contain a nitrogen concentration
high enough (>5 ppm) to be detected by IR absorption spectroscopy or not. The cate-
gories are divided further depending on the type of impurities: type Ia (aggregated N
impurities), type Ib (isolated single N impurities), type IIa (no measurable N or boron
impurities), and type IIb (boron impurities). Generally, natural diamonds are of type I,
HPHT diamonds of type Ib, and CVD diamonds of type IIa. Single-crystal CVD dia-
monds with a low nitrogen content can further be classi�ed as optical-grade ([N]<5 ppm)
or electronic-grade ([N]<5 ppb, [B]<1 ppb) 69,70.

Diamond has a wide transparency window, extending from the deep ultraviolet (wave-
length of 225 nm) to radio frequencies (wavelengths � 20 µm), with a refractive index of
approximately 2.4 in the visible range. Oriented along the <111> crystalline direction
in the diamond lattice, the NV has trigonal symmetry and is therefore part of the C 3v

symmetry group 38. It is a deep-level defect, evidenced by sharp emission features71,72

(Fig. 2.1a). It is usually found in its neutral charge state 73 as NV0 with an optical zero-
phonon line (ZPL) at 575 nm (2.156 eV)74 or in its negative charge state71,72 as NV� with
ZPLs at 637 nm (1.945 eV, triplet)75 and 1042 nm (1.190 eV, singlet)76,77. Both charge states
have a broad phonon sideband (PSB) that extends towards longer wavelengths in the
emission spectrum.
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Figure 2.1.: The NV center in diamond. (a) Room- and low-temperature emission spectrum. The
room-temperature spectrum was recorded on an ensemble of NVs. Inset: atomic structure, with
a substitutional nitrogen atom and a neighboring vacancy oriented along the <111> direction in
the diamond lattice. In order for the NV to be in its negative charge state, an additional electron
has to be provided by a nearby donor. (b) Electronic level structure. The spin triplet ground- and
excited state are connected via ZPL transitions, and have vibrational quasi-continua that give rise
to the PSB. From the excited state, there is a non-zero probability for the NV to deexcite via the
singlet levels. Gray arrows indicate non-radiative transitions.

2.1.1 Electronic and vibronic structure

An NV in its neutral charge state has �ve electrons: three from the dangling bonds of the
carbon atoms surrounding the vacancy and two from the nitrogen atom from which the
NV is formed. A sixth, giving the defect its negative charge state, typically comes from a
nearby N71,72. Therefore, depending on the nitrogen content of the diamond, a different
NV charge state dominates: in type-Ib diamond, NV � is the dominant charge state due
to the excess of electron donors, while a large variation in the relative NV charge state
concentration can be seen in type-IIa diamond with less intrinsic nitrogen 78.

NV � has a3A triplet ground state and a 3E triplet excited state, each consisting of the
spin sublevels ms = 0 and ms = � 1, as well as a1A1 and 1E singlet state38. The electronic
level structure of an NV � at room temperature is illustrated in Fig. 2.1b. The ground-state
zero-�eld splitting (ZFS) is 2.87-2.88 GHz, arising due to �rst-order electronic spin-spin
interactions71,72, and the excited-state ZFS is 1.42 GHz79,80. Both ZFSs are detectable via
optically detected magnetic resonance (ODMR)38. In the excited state, the NV electron
con�guration results in a permanent electric dipole moment 38,81,82.

2.1.1.1 Hyper�ne structure

The hyper�ne structure of the NV � ground state due to the I = 1 (I = 1/2) 14N (15N) nu-
clear spin splits each spin sublevel into three (two) levels. For either isotope, the ground
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state spin Hamiltonian can be written as

Ĥgs = Dgs

h
Ŝ2

z � S(S+ 1)/3
i

+ A jj
gsŜz Îz + A?

gs

h
Ŝx Îx + Ŝy Îy

i
+ Pgs

h
Î2
z � I ( I + 1)/3

i
(2.1)

with Dgs being the ZFS, Ŝx, Ŝy and Ŝz the spin operators, Pgs the nuclear electric

quadrupole parameter ( � � 5.0 MHz for 14N and � 0 for 15N) and A jj
gs and A?

gs the ax-

ial and non-axial magnetic hyper�ne parameters. The values of A jj
gs and A?

gs have been
measured to lie between 2.1 and 3.7 MHz, but their signs are debated38.

The in�uence of a static electric �eld ~E, magnetic �eld ~B and strain �eld ~d when as-
sumed to be constant over the extent of the NV can be de�ned as

V̂gs = mBgjj
gsŜzBz + mBg?

gs

�
ŜxBx + ŜyBy

�
+ mN gN~I � ~B

+ djj
gs(Ez + dz)

h
Ŝ2

z � S(S+ 1)/3
i

+ d?
gs(Ex + dx)

�
Ŝ2

y � Ŝ2
x

�

+ d?
gs(Ey + dy)

�
ŜxŜy � ŜyŜx

�
(2.2)

Here, mB is the Bohr magneton, mN the nuclear magneton, gjj
gs = g?

gs = 2.0028 the compo-
nents of the ground-state electronic g-factor tensor71,72, gN the isotropic nuclear g-factor,

and djj
gs = 0.35 andd?

gs = 17 the components of the ground-state electric dipole moment 83.
The hyper�ne structure of the excited state can at room temperature be described by

ĤRT
es = D jj

es

h
Ŝ2

z � S(S+ 1)/3
i

+ A jj
esŜz Îz + A?

es

h
Ŝx Îx + Ŝy Îy

i
+ Pes

h
Î2
z � I ( I + 1)/3

i
(2.3)

which is similar to the Hamiltonian in Eq. (2.1) describing the ground state. The modi�-
cation due to a static electric-, magnetic- or strain �eld can be expressed by

V̂ RT
es = djj

es(Ez + dz) + gRT
es

~S � ~B + x(Ŝ2
y � Ŝ2

x) (2.4)

with gRT
es the excited-state electronic g-factor and x a strain-dependent parameter38.

At low temperature (<10 K), the excited state 3E is split into six sublevels, E1, E2, Ex,
Ey, A1, and A2, by spin-orbit and spin-spin interactions as well as by strain and electric
�elds 82. The resulting level structure is shown in Fig. 2.2a and an example spectrum
in Fig. 2.2b. E1/2 and A1/2 correspond to the spin sublevels with ms = � 1 and can be
addressed via circularly polarized light. Ex/ y correspond to the spin sublevels with ms =
0 and are addressed by linearly polarized light. The low-temperature �ne structure of the
excited state can be written as

Ĥ LT
es = D jj

es

h
Ŝ2

z � S(S+ 1)/3
i

� l jj
esŝy 
 Ŝz + D?

es

h
ŝz 
 (Ŝ2

y � Ŝ2
x)

i

+ l ?
es

h
ŝz 
 (ŜxŜz + ŜzŜx)

i
� ŝx 
 (ŜyŜz + ŜzŜy)

i
(2.5)

with ŝx, ŝy and ŝz being the standard Pauli matrices, and D jj
es = 1.42 GHz, D?

es =

1.55/2 GHz, l jj
es = 5.3 GHz and l ?

es = 0.2/
p

2 GHz38,84. The in�uence of an electric,
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Figure 2.2.: Low-temperature electronic structure. (a) Electronic level structure of NV � at low
temperature. The statesE1/2 and A1/2 can be addressed via circularly polarized light ( s+ / � ) and
the statesEx/ y can be addressed by linearly polarized light (X/Y). The excited-state triplet splits
up into two orbital branches, E x and Ey, due to transverse strain- and electric �elds, indicated by
d? and E? . Two ESLACs are indicated. Adapted from Ref. 38. (b) Photoluminescence excitation
(PLE) spectrum at low temperature. Adapted from Ref. 43.

magnetic and strain �eld can be described by

V̂ LT
es = djj

es(Ez + dz) + d?
es(Ex + dx) ŝz � d?

es(Ey + dy) ŝx (2.6)

+ mB( l jjesŝy + gjj
esŜz)Bz + mBg?

es(ŜxBx + ŜyBy)

with l jjes � 0.1 being the orbital magnetic moment, gjj
es � 2.01 and g?

es � 2.01 the compo-

nents of the electronic g-factor tensor, and djj
es and d?

es the components of the 3E electric
dipole moment (both on the order of 6 kHz m/V) 38,85.

Eq. (2.6) demonstrates that a longitudinal strain or electric �eld along the NV axis leads
to a unidirectional shift of the energy levels, while a transverse strain or electric �eld splits
the energy levels in opposite directions. The latter case results in the two orbital branches
Ex and Ey. Depending on the exact strain and electric �eld, the branches undergo a
number of excited-state level anti-crossings (ESLACs) that lead to spin-�ip transitions
as well as an increased probability for inter-system crossing (ISC). ESLACs reduce the
optical contrast between spin sublevels84 and can be exploited to map the transverse
strain and electric �elds experienced by an NV 86.

The conversion from the detailed low-temperature excited-state structure to the
single, broad ODMR signature at room temperature occurs due to phonon-induced
processes87,88, where the population in a given 3E low-temperature �ne structure level
is redistributed to other �ne structure levels with the same spin projection via spin-
conserving phonon transitions. The degree of population redistribution increases with
increased phonon transition rates and thus increasing temperature. The room tempera-
ture structure can therefore be seen as the average of the low-temperature structure38,84.

The �ne structure of NV 0 was experimentally con�rmed only recently 89. It has a 2E
ground state, consisting of a pair of doublet states with opposite spin-orbit parity; the
degeneracy is lifted by Zeeman interactions under a magnetic �eld. It further has a 2A2
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excited state without spin-orbit structure which is split only by the spin-Zeeman effect.
Together, this leads to a �ne structure with four spin-conserving transitions under an
applied magnetic �eld. The radiative lifetime of NV 0 is 22 ns89.

2.1.1.2 Vibronic structure

The NV emission spectrum (Fig. 2.1a) is generated by the interaction of the NV's elec-
tronic and vibrational degrees of freedom. The simplest model to describe these inter-
actions is the Huang-Rhys model55. In this model, the quasi-continuum of vibrational
modes in the diamond lattice is replaced by a single vibrational mode 38. Within the
Born-Oppenheimer approximation, the vibrational motion can be described by the po-
tential formed by the state's electronic energy and its dependence on the nuclear coor-
dinates. After a further approximation of this potential by a quadratic function of the
nuclear coordinates, the 3A2 and 3E states can be associated with simple harmonic oscil-
lator states with energy h̄w(n + 1/2 ) and h̄

p
w2 + b(n + 1/2 ). Here, b is the quadratic

electron-vibration coupling parameter and n the vibrational occupation 90.
Due to the non-zero overlap between the vibrational wavefunctions of the ground and

excited state, transitions are allowed between all vibronic levels. The transition rates
are proportional to the vibrational Franck-Condon factors. The vibrational degrees of
freedom allow for ef�cient off-resonant excitation of the NV, but also lead to one of the
main drawbacks of NVs in applications relying on coherent photons: the large PSB. It is
formed due to the non-zero overlap between the lowest vibronic level in the excited state
and the higher vibronic levels in the ground state. These transitions, in which photons
are emitted with one or several fast-dephasing phonons (coherence lifetime of less than
a picosecond61), are Stokes-shifted with respect to the ZPL in the emission spectrum and
encompass the majority of the emission55. With an NV Debye-Waller factor of 2.55% 58,
only a fraction of all photons are emitted into the ZPL, corresponding to the transition
between the lowest vibronic level in the ground state and the lowest vibronic level in the
excited state.

2.1.2 Optical- and spin properties

The excited-state lifetime of NV � , which is largely temperature-independent, is typically
12 to 14 ns for the spin sublevel ms = 0 and 7 to 8 ns for ms = � 138,56,57. Optical tran-
sitions between 3A2 and 3E are spin-conserving84, and the difference in emission rate
for different spin sublevels leads to spin-state dependent PL that is employed in most
NV-related applications.

2.1.2.1 Spin-state-dependent photoluminescence

Without prior spin-polarization and initialization into ms = 0, a bi-exponential �u-
orescence decay is observed from NV� due to its spin sublevels having different
lifetimes 38,84,91. This is in turn due to an NV in ms = � 1 having a higher probability (8-9



2.1. The NV center in diamond 9

times) to undergo ISC to the singlet levels compared to ms = 0, and equal probability to
decay back to the 3A2 spin sublevels92. The long, � 460 ns lifetime of the singlet state,
given mainly by the lifetime of 1A1, leads to a reduced �uorescence for ms = � 1 and
an effective spin polarization. Due to the temperature-dependence of the singlet lifetime
(reducing to � 220 ns at room temperature), the degree of spin-polarization decreases
with temperature 93. It is typically reported to be about 80% 38,57.

The �rst term in Eq. (2.2) indicates that the spin sublevels in the NV � ground state are
split under an applied magnetic �eld by the Zeeman effect (Fig. 2.3a). Together with the
reduction in �uorescence for ms = � 1, this leads to a straightforward way to measure
magnetic �elds with high resolution, forming the basis of NV magnetometry.

Figure 2.3b illustrates how the ODMR signature of an NV changes depending on the
magnetic �eld projection along the NV axis. When sweeping the frequency of an ap-
plied microwave (MW) �eld and monitoring the NV photoluminescence (PL) under off-
resonant excitation, dips in the signal are recorded when the MW frequency matches the
spacing between the ms = 0 and the ms = + 1 spin sublevel or the splitting between the
ms = 0 and ms = � 1 spin sublevel. The reduced �uorescence is a consequence of the
preferential decay of the ms = � 1 levels through the singlet manifold. The higher the
magnetic �eld projection BNV along the NV quantization axis, the larger the splitting be-
tween the ms = � 1 and the ms = + 1 spin sublevel, and the wider the splitting between
the dips in the ODMR measurement.

The sensitivity in NV magnetometry is de�ned, among other things, by the distance
between the NV and the sensed object. An established method to minimize this distance
is to place the NV at the end of a diamond nanopillar, and use this as the tip of an atomic-
force microscope94,95. The sensing contrast is further improved by increasing the pho-
ton collection ef�ciency 96 and optimally orienting the NV with respect to the sample 97.
The technique has been used in nanoscale magnetometry of, among other things, two-
dimensional magnets98, current �ows in two-dimensional materials 99 and domain walls

Figure 2.3.:Spin-state dependent PL. (a) The ground-state ms = � 1 sublevels split with increasing
magnetic �eld B NV along the NV axis. (b) ODMR signal as a function of increasing B NV . (c)
Fluorescence transient upon resonant excitation of an NV in m s = � 1 or ms = 0. Adapted from
Ref. 92.
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in antiferromagnets 100.
Figure 2.3c illustrates that NV �uorescence undergoes different dynamics depending

on whether the initial spin state is ms = 0 or ms = � 1. It indicates on one hand that
more than one cycle is needed to reach a spin-polarized steady-state, and on the other
hand that the spin state can be read out optically by choosing an appropriate counting
duration 101.

2.1.2.2 Optical dynamics and linewidth

The optical dynamics of an NV, governing the conversion between NV 0 and NV � , are
both radiative and non-radiative. The radiative transitions occur between the excited lev-
els of NV 0 and NV � via the valence and conduction band, leading to photo-conversion
processes that are proportional to the square of the optical excitation intensity and inde-
pendent of the donor and acceptor concentration in the vicinity of the NV 102. Since the
non-radiative transitions occur directly between electronic states of NV 0 and NV � , they
correspond to the tunneling between the NV and close-lying electron donors or accep-
tors, and so their rate depends strongly on the distance between the NV and such donors
and acceptors in the lattice103.

Both NV 0 and NV � can be detected as single centers using confocal microscopy, and
have both been identi�ed as single photon sources through their photon statistics 38.
Both charge states can be excited using off-resonant green excitation (typically
532 nm/2.3 eV)104. Bleaching, photo-conversion between the two charge states, as well
as two-photon absorption processes (in particular under resonant excitation) all lead to
reduced PL.

In the case of NV� , two-photon absorption under resonant excitation (Fig. 2.4a) leads to
photoionization and conversion into NV 0. Off-resonant excitation through green illumi-

Figure 2.4.: Ionization mechanisms. (a) Resonant excitation of NV � can lead to a two-photon pro-
cess, promoting an electron into the conduction band (CB) and converting the NV into its neutral
charge state, NV0. (b) Off-resonant green excitation (532 nm/2.3 eV) excites NV 0, restoring the
negative charge state of the NV. However, it also excites nearby N 0, leading to charge noise that
affects the spectral stability of the NV. (c) Yellow excitation (575 nm/2.16 eV) resonantly addresses
NV 0, restoring the NV charge state without inducing excessive charge noise.
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nation (Fig. 2.4b) restores the negative charge state, but can also ionize NV� , leading to a
balance between the NV� and NV 0 populations depending on the excitation wavelength,
the nitrogen concentration, and the duration and intensity of the illumination 105,106. Fur-
thermore, green illumination excites nearby N 0 donors. Due to the permanent electric
dipole moment of the NV and the associated �rst-order sensitivity to electric �elds, this
change in the charge environment shifts the NV's emission frequency through the DC
Stark effect107. A way to reduce this spectral diffusion, or spectral "jittering", is to res-
onantly address NV 0 with yellow illumination (575 nm/2.16 eV, Fig. 2.4c), restoring the
NV charge state even at low excitation powers 108. Another commonly used approach is
probing the state preparation of an NV under resonant excitation and applying a green
repump pulse only if the charge resonance check results in a photon count below a given
threshold 109. This reduces the effect of spectral jumps induced by the off-resonant re-
pump. Dynamic stabilization of the NV ZPL frequency via Stark tuning has furthermore
been reported110.

The most common spectroscopic method for measuring the ZPL linewidth of an NV
is photoluminescence excitation (PLE). There, PL in the PSB is recorded as a function of
the frequency of the resonant excitation. A lifetime-limited linewidth (Fig. 2.5a, dashed
line) in such a measurement gives a Lorentzian emission lineshape with a full-width-
half-maximum (FWHM) of g0/ (2p ):

L( f ) µ
1
2(g0/ (2p ))

( f � f0)2 + ( 1
2(g0/ (2p ))) 2

(2.7)

where g0 is de�ned by the radiative lifetime t 0 via g0 = 1/ t 0.
Until now, only native NVs have shown lifetime-limited linewidths, g0/ (2p ) �

13 MHz40. Instead, most of the NV ZPL linewidths are broadened by a number of
mechanisms. A homogeneously broadened linewidth is a Lorentzian with an increased
FWHM, Gh/ (2p ) > g0/ (2p )111, given by non-radiative transitions and interactions with
phonons. The linewidth can further be broadened to a width Gp/ (2p ) = Gh/ (2p ) �p

1 + s0 by the power of the excitation light (Fig. 2.5a, solid line), with s0 = I / Is the
saturation parameter on resonance, I the laser intensity and Is the saturation intensity.

Temperature drifts and spectral jumps further result in inhomogeneous broadening of
the linewidth i , with a measured FHWM of Gin / (2p ) > Gh/ (2p ). A linewidth broadened
due to the NV emitting at different frequencies throughout the measurement due to fast
spectral jumps is typically described by a Gaussian 111:

G( f ) =
1

s
p

2p
e� (( f � f0)� m)2

2s2 (2.8)

with a measured FWHM of Gin,G/ (2p ) = 2
p

2 ln 2 � s (Fig. 2.5b). Including all of the
mentioned broadening mechanisms leads to a convolution between a Lorentzian and a
Gaussian lineshape,

V ( f ) =
Z ¥

� ¥
G( f 0)L( f + f0 � f 0) d f 0 (2.9)

iHere, we refer to temporalrather than spatialinhomogeneous broadening. The former stems from varying
conditions for a single emitter, while the latter can be obtained from an ensemble of nominally identical
emitters with slightly different surroundings.
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Figure 2.5.: Simulated single-scan linewidths. (a) A lifetime-limited NV linewidth with a FWHM
of g0/ (2p ) = 13 MHz (dashed line), given solely by the NV's radiative decay time, and a
homogeneously and power-broadened linewidth of Gp/ (2p ) = 50 MHz (solid line), given by
non-radiative transitions, interactions with phonons and the excitation power. Both are de-
scribed by a Lorentzian lineshape. (b) Inhomogeneously broadened linewidth with a FWHM of
Gin / (2p ) = 100 MHz, described by a Gaussian. The insets in (a) and (b) show the measurement
sequences that would yield the respective lineshapes.

where f0 is the common central frequency of the two lineshapes. V ( f ) is a Voigt function,
which has no simple analytical expression 111. Depending on the dominating broadening
mechanism, the Voigt pro�le can be simpli�ed to a Lorentzian or a Gaussian.

The spectral jittering induced by green illumination is one of the main contributions
to NV linewidth broadening. As green ”repump” is systematically used to restore both
the NV charge state and the NV spin state, it is important to quantify its effect on the
linewidth. If a single green pulse is applied at the beginning of a PLE scan, only the ho-
mogeneous broadening and the power broadening is detected (Fig. 2.5a). If green pulses
are applied at a high rate interleaved with the resonant excitation during a PLE measure-
ment, the ”single-scan linewidth” is broadened due to spectral jumps happening faster
than the tuning of the excitation frequency across the ZPL (Fig. 2.5b). In the latter case,
the resulting lineshape has a larger Gaussian contribution.

In order to properly separate these cases, average linewidths given by repeated mea-
surements of the same NV transition will in this thesis be categorized according to Fig. 2.6
as

• Dephasing linewidths, if multiple single-scan linewidths are �tted individually and
averaged. In this case, the effect of linewidth broadening due to slow drifts and
spectral diffusion is excluded – only the homogeneous broadening and the power
broadening is measured – and the resulting average lineshape is described by a
Lorentzian.

• Extrinsically broadened linewidths, if all broadening mechanisms contribute dur-
ing a measurement. The true lineshape is given by a Voigt function, but for a high
level of charge noise in the vicinity of the measured NV, the spectral diffusion leads
to a Gaussian-dominated lineshape.
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Figure 2.6.: Simulated average linewidths, given by repeated PLE scans. (a) A dephasing
linewidth is given by the average of re-centered individual measurements (with a green repump
applied only at the beginning of each scan) and therefore excludes repump-induced spectral
shifts as well as slow drifts. The resulting average linewidth is described by a Lorentzian with a
FWHM of Gdeph/ (2p ). (b) An extrinsically broadened linewidth includes the effect of all broad-
ening mechanisms. In the illustrated example, green repump is applied at a fast rate during each
scan, giving inhomogeneously broadened single-scan linewidths. (c) An extrinsically broadened
linewidth, described by a Gaussian with a FWHM of Gextr/ (2p ).

2.1.2.3 Spin coherence

The spin dynamics of NV � are characterized by the electron spin longitudinal (spin-
lattice) relaxation time T1, the homogeneous dephasing (spin-spin relaxation) time T2

and the inhomogeneous dephasing (transverse relaxation) time T�
2 .

The T1 time is given by transitions between spin sublevels, reducing their population
difference. It is affected by magnetic resonances of close-lying substitutional N (resulting
in energy-conserving spin �ip-�ops), electric and magnetic noise for near-surface NVs 112,
and is otherwise limited by phonon-induced transitions between the spin sublevels 38.
Such two-phonon processes lead to a temperature-dependence of the spin relaxation,
given by 1/ T1 µ w3/ (ēhw/ kBT � 1) with h̄w = 63 meV up to room temperature, and
1/ T1 µ T5 above room temperature113,114. At room temperature, the NV � T1 time has
been measured to be up to 7.5 ms36. At � 4 K and in natural-abundance (1.1% 13C),
electronic-grade diamond, T1 = 3600 s was measured, which is the longest lifetime re-
ported to date for a single electron spin qubit 37. NV 0 has shown a much shorter spin
relaxation of T1 = 1.5 ns at low temperature89, limited by interactions with phonons due
to its spin-1/2 nature.

The T2 time is given by �uctuating interactions that dephase the spin state. Gov-
erned by spin-spin interactions between the NV and other electronic and nuclear spins, it
mainly depends on the density and type of paramagnetic impurities close to the NV, but
also on temperature38. For nitrogen-poor diamonds of type IIa, the dominant dephasing
mechanism is interactions with the 13C spin bath115–117. Dynamical decoupling sequences
can be used to mitigate the dephasing from speci�c nuclei, reaching a longer trans-
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verse relaxation time Tdec.
2 which is ultimately limited by 2 � T1. The longest measured

Tdec.
2 times at room temperature are 2.4 ms, measured with a Hahn-echo sequence on

phosphorus-doped diamond 118, and 3.3 ms, measured using dynamical decoupling 119.
The longest measuredTdec.

2 time at � 4 K is 1.6 s37.
T�

2 , with T�
2 < T2, is governed by the slow temporal changes of local �elds at a single

NV due to �uctuations of the magnetic or electric environment 38. The longest measured
values include T�

2 = 1.5 ms in phosphorus-doped diamond 118 and T�
2 = 470 µs in iso-

topically puri�ed diamond 36. Isotopic puri�cation reduces the amount of nuclear spins
that can dephase the spin, while phosphorus doping leads to n-type conductivity, stabi-
lization of NV � , and suppression of the formation of vacancy complexes during nitrogen
implantation by vacancy charging 118.

2.1.3 Formation

NVs can be formed either naturally during the growth of the diamond, or by a wide range
of methods designed to introduce either vacancies, nitrogen, or both, into the lattice post-
growth. During annealing, the created vacancies diffuse and form NVs either with the
nitrogen atoms that were implanted or with nitrogen which was already present in the
lattice.

2.1.3.1 Ion implantation

A widely used method for the creation of NVs is nitrogen ion implantation 47,48 followed
by high-temperature annealing 108,120. The method is based on an ion penetrating the
diamond lattice, creating a trail of vacancies and carbon interstitials, and stopping at a
certain depth within the material (Fig. 2.7a). During the subsequent thermal annealing,
the created vacancies diffuse in the diamond lattice and form NVs with either native or
implanted nitrogen (Fig. 2.7b).

A multi-step annealing, illustrated in the top panel in Fig. 2.7b, is motivated by the fact
that the thermal annealing should not only facilitate the NV formation, but also remove
residual lattice defects. Carbon interstitials anneal out at a temperature around 400 � C,
while vacancies become mobile (with a migration activation energy of 2.3 eV 121) at a tem-
perature of 600� C. A slightly higher temperature of 800 � C is typically used to facilitate
faster formation of NV � (formation energy of 8.8 eV). NVs remain immobile up to a tem-
perature of approximately 1700 � C122. Without a �nal, above-800 � C annealing step, NVs
formed via implantation typically show short T2 times, indicating the presence of resid-
ual paramagnetic defects (such as divacancies and longer vacancy chains) that reduce the
spin coherence120. The concentration of residual paramagnetic defects has been shown
to be minimized after annealing to � 1250� C123. Other studies have supported the claim
by demonstrating a positive effect on the NV T2 time124 and on NV optical linewidths 108

when additionally annealing to a temperature of 1200 � C.
The method of ion implantation followed by annealing is useful for creating NVs with

high depth precision (down to a few nm) and good formation yield ( � 10%, depending on
the implantation energy 125), but subsequent micro- and nanofabrication has been shown
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Figure 2.7.: Nitrogen implantation and annealing for NV formation. (a) Nitrogen ions are im-
planted into the diamond and create a trail of lattice vacancies. (b) During annealing, the vacan-
cies diffuse and form NVs either with native (i) or implanted (ii) nitrogen. Top panel: temperature
ramping during a multi-step high-temperature annealing following Ref. 108.

to severely affect the NV optical properties. In � 1 µm thick diamond, the extrinsically
broadened linewidths are on the order of GHz due to strong spectral diffusion 58. Only
very few cases of <500 MHz extrinsically broadened linewidths have been reported on
microstructures 126–128, and close-to lifetime-limited extrinsically broadened linewidths
on NVs created with this method have only been measured in bulk 108.

Implantation of 15N, which has a natural abundance of only 0.37%129, allows the origin
(native N or implanted N) of an NV to be determined by comparing the features seen
in an ODMR measurement. A hyper�ne structure corresponding to the I = 1 nature of
14N is a signature of NVs formed from native nitrogen, while a I = 1/2 signature corre-
sponding to 15N indicates an NV formed from implanted nitrogen. Studies comparing
the linewidths of NVs in this way have shown that NVs formed from native nitrogen tend
to have narrow dephasing- and extrinsically broadened linewidths, while NVs formed
from implanted nitrogen exhibit signi�cantly larger extrinsic broadening. Some cases of
narrow-linewidth NVs formed from 15N can nevertheless be found, indicating that the
difference in linewidth is not isotope-related 127,130.

Depending on the implantation depth, the diamond surface also contributes to the opti-
cal coherence of NVs. Shallow NVs tend to have orders-of-magnitude broader linewidths
compared to NVs deeper in the bulk, even when implanted with parameters creating the
same amount of lattice damage. This indicates that the surface is a larger source of noise
compared to the lattice damage induced by the implantation 131. The effects of the surface
can partially be mitigated by an improved surface morphology and oxygen-termination
of the surface, achieved by high-temperature annealing to 1200� C, oxygen annealing at
� 450� C, and wet oxidation 132. The effect of such a surface treatment on NV linewidths
has however not yet been studied.
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2.1.3.2 Electron irradiation

Electron irradiation is a method for NV creation in which vacancies are created through-
out the full extent of a diamond by high-energy ( � MeV) irradiation with a stream of
electrons. With this approach, narrow extrinsically broadened ( � 190 MHz) and dephas-
ing linewidths ( � 90 MHz) have been measured even in microstructured, 3.8 µm thick
diamond 128. The technique nevertheless lacks the depth precision available through ion
implantation, since vacancies and thus NVs are formed across the full diamond. A way
to improve the depth accuracy down to a few nanometers 133 is to combine electron irra-
diation with nitrogen delta-doping, in which a few-nanometer thick nitrogen-rich layer
is formed during CVD growth by injecting nitrogen gas into the growth chamber 134–136.

2.1.3.3 Laser writing and ablation

A method which circumvents the need to irradiate a diamond with massive particles
to create vacancies, and which therefore leads to less overall- and more localized lattice
damage, is laser writing. It further has the advantage, just like electron irradiation, that
it forms NVs only with native nitrogen.

In laser writing, a strongly focused pulsed laser is used to deterministically create dam-
age within the diamond lattice. After annealing and vacancy diffusion, NVs are formed.
With this method, lifetime-limited single-scan linewidths, close-to lifetime-limited de-
phasing linewidths, and narrow mean extrinsically broadened linewidths ( � 180 MHz)
have been measured on NVs in bulk diamond 49. Density functional theory has been used
to argue that laser writing results in fewer interstitial defects and therefore less stress in
the vicinity of the created NVs compared to implantation 137.

Laser ablation is instead based on the laser-irradiation of the diamond-air interface. In
this case, only very broad NV linewidths ( � 200 GHz) have been reported, most proba-
bly related to the vicinity to the diamond surface 138. More details on laser writing and
ablation will be introduced in Section 2.2.

2.1.3.4 Other methods for NV creation

Other methods for NV creation include helium ion implantation, a method less suitable
for applications requiring NVs located at speci�c depths due to its worse depth resolution
(hundreds of nanometers, in comparison to tens of nanometers achieved for implantation
of heavier particles such as N ions)139. The method is mainly used to create high-density
NV layers for sensing purposes140, with improved depth control enabled by nitrogen
delta-doping 141. Only broad optical linewidths above 25 GHz have been reported 142.

Another method suitable for creating shallow layers of NVs for sensing applications is
plasma ion implantation. Through the acceleration of nitrogen ions into diamond from a
plasma, homogeneous NV layers can be formed within less than 4 nm from the surface.
However, the method relies on nitrogen-rich diamond of type Ib, and results only in dim,
low-quality NVs when used on a nitrogen-poor diamond. No PLE linewidths have been
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reported with this method 143.

2.1.4 NVs as quantum network nodes

We can conclude that the NV possesses a number of key properties that make it an excel-
lent candidate for a quantum network node. They can be summarized following Ref. 38
as:

1. A bright, photostable optical transition (here, described in Section 2.1.2.2)

2. A low-temperature �ne structure that can be controlled by and used to read out
electric, magnetic and strain �elds (Section 2.1.1.1)

3. A ground-state electronic spin with long spin coherence and coherent coupling to
neighboring electronic and nuclear spins (Section 2.1.2.3)

4. Optical spin-initialization and optical spin readout (Section 2.1.2.1)

5. Straightforward formation (Section 2.1.3)

The following sections will introduce the progress achieved so far in terms of implement-
ing a quantum network based on NVs.

2.1.4.1 Optical and spin-state control

A spin qubit based on an NV can be initialized into ms = 0 by optical spin-polarization
via green repump pulses. Under the subsequent application of short resonant pulses,
optical Rabi oscillations can be detected, with a coherence limited by the repump-induced
spectral diffusion 144. Complete control of an NV at low temperature, including spin-
state initialization, coherent manipulation and single-shot electron spin readout, was �rst
demonstrated in 201143.

After initialization into ms = 0 and subsequent application of MW �elds, the spin
can be rotated to induce Rabi oscillations between the spin sublevels in the NV ground
state. The spin state can be read out optically, with an ef�ciency scaling with the de-
tected photon �ux 38. The photon collection ef�ciency can be increased by fabricating a
solid-immersion lens (SIL) around the NV by focused-ion beam milling (FIB) 145,146or by
incorporating the NV into a microcavity 58,60–64,147. The latter approach not only improves
the collection ef�ciency, but also increases the coherent photon �ux via the Purcell effect.
Until now, this has however never been achieved simultaneously – a large motivation
behind this work.

The nuclear spin bath felt by the NV is the largest source of its electron spin decoher-
ence. Nevertheless, the interaction with isolated single nuclear spins is what allows using
an NV and its surrounding lattice as a quantum memory by mapping quantum states be-
tween the NV's electron and a nucleus. Nuclear spins possess coherence times exceeding
milliseconds even at room temperature, limited by the electron spin relaxation time T1

and interactions with other nuclei 148. By decoupling the electron spin, the coherence time
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can be extended to several seconds32. Strongly coupled nuclear spins, such as the intrin-
sic N forming the NV and near-lying 13C atoms149, exhibit hyper�ne couplings that are
larger than the electron spin resonance (ESR) linewidth, set by the dephasing rate 1/ T�

2 .
For such nuclei, it is possible to perform fast controlled-NOT gates, conditional either on
the nuclear spin state (CnNOT e) by applying MW p -pulses at the ESR frequencies57, or
conditional on the electron spin state (C eNOT n) by applying radio-frequency p -pulses
to directly drive nuclear spin transitions 150. After mapping the nuclear spin-state popu-
lation back onto the electronic spin, readout of the nuclear spin state can be performed
optically 32,151.

Weakly-coupled nuclear spins, with hyper�ne couplings less than 1/ T�
2 , result in much

slower control but can increase the number of register qubits in a quantum memory. The
NV electron spin coherence can in the case of such spins be extended via dynamical
decoupling. When a targeted nuclear spin is on resonance with the periodicity of the
dynamical decoupling pulses, the precession of the nuclear spin accumulates, while the
opposite is true for nuclear spins that are out of sync with the dynamical decoupling
sequence32,44,152,153. A ten-qubit register, consisting of an NV, its 14N nuclear spin, and
eight neighboring 13C spins, was implemented using this method in 2019, protecting a
single-qubit state for over 75 s and setting the record for a single solid-state qubit 45.

2.1.4.2 Spin-photon and spin-spin entanglement

Spin-photon entanglement is based on the spin-state-dependent emission of a photon. In
the case of an NV, this can for example be achieved by using aL system, in which the NV
is excited to its A2 state by means of circularly polarized excitation. Since A2 decays with
equal probability to the j� 1i state through a s+ polarized photon and to j+ 1i through a
s� polarized photon, the resulting entangled state is

jY i =
1

p
2

(j+ 1i j s� i + j� 1i j s+ i ) (2.10)

The resulting entanglement �delity relies on a high cyclicity of the involved transitions as
well as on a high ZPL photon �ux and collection ef�ciency 154. Other spin-photon entan-
glement approaches include entangling the NV spin state with the absence or presence
of a photon43,54or with the time of arrival of an emitted photon 155.

After generating spin-photon entangled states on two separate NVs, the photons can be
used to create spin-spin entanglement. For this, the photons have to be indistinguishable
– achieved either by having emitters with the same transition frequency, or by tuning
the frequency of one of the emitters into resonance with the other. In the case of NVs,
both are possible: emitters with similar Ex/ y transitions can be found, and otherwise an
electric- or strain �eld can be applied to frequency-tune their Ey transitions. Two-mode
quantum interference using this approach was �rst demonstrated in 2012 41. Photons
with a frequency difference can also exhibit quantum interference, but with a reduced
visibility that is set by the frequency separation and the amount of temporal �ltering in
the photon detection 59,156,157.

A protocol often used for spin-spin entanglement is the Barrett-Kok protocol, which
was proposed in 2005 as a way to scale optical readout-based quantum computing158.
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In the protocol, the matter qubits are spatially separated and entangling operations are
performed via the above-mentioned single-photon interference effects. It requires two
long-lived, low-lying spin states j"i and j#i and one excited state jei ; an optical p pulse
should transfer the population from j#i to jei and the transition from j"i to jei should be
forbidden. Each of the systems can be put in an optical cavity enhancing the j#i  ! j ei
transition to increase the success probability158.

The protocol is schematically illustrated in Fig. 2.8. Each NV is �rst prepared into a
superposition of two spin states, 1p

2
(j"i + j#i ) (Fig. 2.8b). Here,j"i and j#i represent the

two spin-qubit states, for example the spin sublevels ms = 0 and ms = � 1. After a reso-
nant excitation from j"i to the excited state jei with the same spin projection, followed by
spontaneous emission, the qubit state becomes entangled with the photon number and
each NV is in the state 1p

2
(j"i j 1i + j#i j 0i ) (Fig. 2.8d, left panel). Here, 1 stands for the

emission of a photon and 0 for the absence of a photon.
The photons from the two separate NVs are then overlapped on a 50-50 beamsplitter,

the outputs of which are connected to two separate detectors (Fig. 2.8c). In the case of
indistinguishable photons, detecting one photon on either detector would correspond to
measuring the photon state 1p

2
(j1A i j 0Bi � j 0A i j 1Bi ) and projecting the qubits onto the

maximally entangled state

jy i =
1

p
2

(j" A i j# Bi � e� i f j#A i j" Bi ) (2.11)

Figure 2.8.: The Barrett-Kok protocol for spin-spin entanglement. (a) The emitter has two spin
states, where a photon is emitted only upon optical excitation of one of them. (b) Two emitters are
prepared in a spin-state superposition. (c,d) A resonant pulse is sent to each NV; only one of the
spin projections results in the emission of a photon. The photons are overlapped on a beamsplitter
whose outputs are connected to separate detectors. After ap pulse on each NV, �ipping the spin
state, the excitation is repeated. (e) If one of the detectors clicks in each round of the experiment,
the two NVs are in a maximally entangled state.
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with the phase f depending on the optical path length.
By applying an X operation to both qubits (in the case of NVs, by using a MW p -pulse),

the population is coherently �ipped from j"i to j#i and from j#i to j"i (Fig. 2.8d, middle
panel). After this, the protocol is repeated (Fig. 2.8d, right panel). If a photon is detected
only on one of the detectors in each round of the protocol, it heralds the generation of
one of the maximally entangled Bell states (Fig. 2.8e)

jY � i =
1

p
2

(j" A i j# Bi � j# A i j" Bi ) (2.12)

with the � sign depending on whether the same (+ ) or different ( � ) detectors clicked in
the two rounds of the experiment.

The repeated measurement makes the protocol robust against photon loss and the pos-
sibility of an initial state preparation into j""i , in which case there would be no photon
emission in the second round of the experiment. Photon loss does not reduce the entan-
glement �delity, but only adds to the experimental overhead since the experiment has to
be repeated. The two iterations furthermore make it possible to use non-photon-number-
resolving detectors, which cannot distinguish between the states j""i , j"#i and j#"i . The
fact that the spin-spin entanglement is based on two rounds further changes f into a
global phase and makes the protocol independent of the optical path length difference,
relaxing the need to phase-stabilize the optical circuit 109,158. The success probability of the
protocol is given by PY = 1

2hAhB, with hi being the overall detection ef�ciency from NV i
and the factor 1

2 stemming from the repeated runs of the experiment 109. The main exper-
imental imperfections that limit the �delity are decoherence of the matter qubits, dark
counts in the detectors and remaining distinguishability of the photons going through
the beamsplitter158.

The protocol was used to show spin-spin entanglement between NVs separated by
three meters in 2013, relying on techniques mentioned earlier in this chapter: improved
PSB collection ef�ciency through a FIB-SIL, native NVs with narrow extrinsically broad-
ened linewidths, and electric-�eld tuning of the Ey transitions in order to create indistin-
guishable photons. The experiment showed a success probability of � 10� 7 and an en-
tanglement event per 10 min109. A later experiment, based on the same protocol, demon-
strated entanglement between NVs separated by as much as 1.3 km. There, the success
probability per entanglement generation attempt was 6.4 � 10� 9, resulting in a reduced
rate of successful entanglement events of approximately once per hour. The reduction
was attributed mainly to the additional photon loss in the optical �bers connecting the
remote locations54.

2.1.4.3 Extension to networks and further improvements

The spin-spin entanglement rates between two separate NVs are limited by the low NV
coherent photon �ux. The Barrett-Kok protocol, although extremely robust and easy to
implement, is a double-click protocol: it relies on the detection of a photon in each round
of the experiment, and thus scales with the square of the detected photon �ux.

In more recent experiments, a protocol scaling only linearly with the photon �ux has
therefore been used. Only the �rst iteration of the Barrett-Kok protocol is performed, and
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instead of repeating the protocol in order to make the result independent of the phase dif-
ference between the two optical paths, the phase is stabilized to a known value using a
feedback loop. Technologically more complex, this requires a phase-stabilization scheme
that works individually on each node, since they are subject to different amounts and
sources of noise. This single-photon protocol was implemented in experimental demon-
strations of a three-node quantum network based on NVs in 2021 11 and 202212. The
highest entanglement rate achieved so far between separate NVs using this protocol is
39 Hz159.

Another limitation are the losses in optical �bers. 637 nm photons experience a loss of
approximately 8 dB/km, which in the case of Ref. 54 led to a 30 times lower remote entan-
glement rate compared to a local experiment. A way to mitigate this problem is to convert
the photons to the telecommunication wavelength range, where optical losses are less
than 0.2 dB/km. This has been demonstrated by quantum frequency down-conversion
of NV ZPL photons to 1588 nm, with a current state-of-the-art conversion ef�ciency of ap-
proximately 17%160. The resulting photons were shown to preserve their single-photon
characteristics, however with a reduced single-photon purity due to noise produced in
the quantum frequency generation process.

2.1.5 Other color centers in diamond

The limitations related to the optical properties of NVs have triggered interest in employ-
ing other color centers in diamond as quantum network nodes. Characteristics to con-
sider when comparing emitters to the NV include the Debye-Waller factor x (describing
the fraction of photons emitted into the ZPL), the excited-state lifetime t 0, the quantum
ef�ciency (QE, describing how much of the total decay is radiative), the ZPL frequency,
the spin coherence, and the sensitivity to surface noise161.

Group-IV defects in diamond, with an interstitial group-IV atom sitting between two
adjacent vacancies (inset in Fig. 2.9a), possess an inversion symmetry. This leads to a
vanishing permanent electric dipole moment in the excited state and makes the defects
�rst-order insensitive to electric �eld and strain variations 162. This enables microfabrica-
tion of diamond and positioning of the emitters closer to the diamond surface without
the severe degradation of the optical properties that is observed for NVs. Experimentally
explored group-IV defects include the silicon-vacancy center (SiV), germanium-vacancy
center (GeV), tin-vacancy center (SnV) and lead-vacancy center (PbV). Apart from SiV0,
neutrally-charged defects with heavier ions have not yet been observed, probably due to
an unfavorable Fermi level for their stabilization or a low quantum ef�ciency 163. More
recently, another so far unidenti�ed silicon-related defect emitting at 1221 nm was iden-
ti�ed, promising due to its emission in the telecom O-band 164.

Negatively charged group-IV centers possess orbital- and spin-doublet ground states,
giving rise to four ZPL transitions (Fig. 2.9b). Rapid ground-state dephasing due to
phonon transitions between orbital states requires operation at lower temperatures com-
pared to NVs, with a slight improvement for the heavier group-IV ions 161or by increasing
the ground-state splitting by the application of strain 165,166. The insensitivity of the ZPL
frequency to electric �elds leads to inef�cient spectral tuning via the Stark effect, and in-
stead requires two-photon Raman schemes or dynamical strain-environment control 161.
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Figure 2.9.: Group-IV defects in diamond. (a) Room- and low-temperature spectra of a SiV � .
At low temperature, the ZPL splits up into four transitions. Data: courtesy of Josh Zuber. Inset:
atomic structure of a group-IV defect, consisting of two substitutional vacancies (V) with a group-
IV interstitial (X), oriented along the <111> direction in the diamond lattice. (b) Electronic level
structure of group-IV defects. The four transitions A, B, C, and D visible at low temperature are
indicated.

2.1.5.1 The silicon-vacancy center

The group-IV defect in diamond which has been characterized the most until now is the
negatively charged silicon-vacancy center (SiV� )162,167. Its emission spectrum at room
and low temperature is shown in Fig. 2.9a. SiV � shows close-to lifetime-limited opti-
cal linewidths in bulk diamond 162, in nanodiamonds 168,169, and in single-mode diamond
waveguides170. Other examples of photonic integration of SiVs include �ber-based mi-
crocavities (with nanodiamonds 171 or diamond membranes 172), nanowires173 and pho-
tonic integrated circuits 174,175.

SiV� and SiV0 have high Debye-Waller factors of 0.7 and 0.9, respectively, and a short
radiative lifetime of 1.6-1.8 ns, making them attractive coherent photon emitters 32,161,163.
With ZPLs at 737 nm and 946 nm, they are easily addressed by commercially available
lasers.

A drawback of SiV � is the low inferred QE � 0.1161,163 (to be compared with an NV
QE above 0.739,176). For emitters with QE � 1, it is however dif�cult to estimate the QE
with methods based on the sensitivity of the emitters to their local photonic environment,
since the induced changes are small. The presence of strong phonon-mediated transitions
between the two ground-state orbital branches furthermore leads to short SiV � spin de-
phasing times T�

2 on the order of 100 ns at 4 K. At 100 mK and in isotopically puri�ed
samples, the spin coherence increases toT�

2 � 10 µs and T2 � 10 ms177,178.
SiV0, which has only recently been stabilized due to the requirements it sets on doping

and surface engineering, promises better properties compared to its negatively charged
counterpart, with long spin coherence times even at elevated temperatures ( T1 � 25 s
at 15 K, T2 � 1 ms at 4 K)179,180, coherent optical transitions, higher QE 161,163 and spin-
dependent PL181,182. However, population trapping into a dark state leads to quenching
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of the PL below a temperature of 70-80 K182,183.

2.1.5.2 Heavier group-IV centers

GeVs and SnVs have a Debye-Waller factor of 0.6 and radiative lifetimes of 5-6 ns. The
Debye-Waller factor for PbV, with a radiative lifetime above 3 ns, is currently unknown.
Photon count rates in experiments involving SnVs and GeVs indicate high QEs 161,163,184.
All of the heavier group-IV color centers suffer from poor laser availability due to their
ZPL at 602 nm (GeV), 619 nm (SnV), and 520-552 nm (PbV)161,163.

For GeVs, optical- as well as MW spin control has been demonstrated, with a spin
dephasing time of T�

2 = 19 ns at 2 K185. The defect has been integrated into mi-
crodisk resonators186, diamond waveguides 184 and photonic integrated circuits 174,175.
Cavity-enhanced single-photon emission 187 as well as two-mode interference of reso-
nance �uorescence188,189has been demonstrated.

Transform-limited photons from individual SnVs 190 as well as single-shot spin readout
and a spin-dephasing time of T�

2 = 5 µs at 2 K has been measured191. SnVs have been
integrated into photonic crystal resonators 192, waveguides193 and nanopillars 194. So far,
the only known photonic integration of PbVs is into nanopillars 195.

2.1.6 Optically active defects in other materials

Diamond is not the only material that acts as a host for impurity spins with coherent
properties. Defects in silicon and silicon carbide as well as rare-earth ions in solids all
present certain advantages compared to color centers in diamond.

2.1.6.1 Defects in silicon and silicon carbide

Silicon (Si) is a material that has long dominated the world of electronics, with a wide ap-
plicability, well-established nanofabrication methods and possibility for extreme device
miniaturization. The defect in Si that has demonstrated the largest progress in spin- and
photonic applications is the single phosphorous donor, 31P, whose electron and nuclear
spins show coherence times exceeding 0.5 s at 100 mK. Challenges still remain in coupling
multiple donor spins 32,196.

Silicon carbide (SiC) is another wide-bandgap semiconductor that is host to a broad
range of optically active defects. It is an attractive candidate for scalable and integrated
quantum photonics owing to its compatibility with existing Si large-scale nanofabrica-
tion. Different stacking sequences of the Si-carbon bilayer unit result in over 250 poly-
types of SiC197, allowing for material optimization depending on the wanted properties.

Two color centers in SiC have so far shown long spin coherence, optical addressabil-
ity of the electron and nuclear spin, and single-defect isolation, making them attractive
candidates for quantum applications: the neutral divacancy (V C-VSi, a missing C atom
next to a missing Si atom) and the negatively charged vacancy (VSi, a single missing Si
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atom)198–201. VSi in 4H-SiC has a Tdec.
2 coherence time on the order of milliseconds under

dynamical decoupling and emits 40% of its photons into the ZPL at 4 K 202,203.
The neutral divacancy has the same symmetry as the NV, giving it similar spin and op-

tical properties 204, but has the advantage of emitting at near-infrared wavelengths close
to 1100 nm (resulting in an 8-fold reduction in optical �ber losses 32). It has an electron
spin coherence time of T2>1 ms198, which is high considering the fact that the material
contains a higher fraction of nuclear spins than diamond 205,206. High-�delity resonant
spin readout 201 as well as Stark tuning of the optical transition 207 have been demon-
strated. However, only 5-7% of the emission is directed into the ZPL 201, leading to similar
issues as for the NV. The problem can be circumvented by using another polytype, 3C-
SiC, which can be epitaxially grown on Si and offers a platform for fabricating photonic
structures208,209.

2.1.6.2 Rare-earth ions in solids

Rare-earth ions in solid-state crystals have states with narrow optical linewidths and
high spectral stability, all owing to the isolation from environmental noise provided by
�lled outer electronic shells 32. Extraordinary nuclear spin relaxation times on the order
of days210 and Tdec.

2 coherence times on the order of hours211 have been demonstrated,
motivating their use for quantum repeaters and transducers. Single rare-earth ions, how-
ever, possess a very small optical dipole moment and show only weak emission and high
background �uorescence in low-purity samples.

Just like for defects in SiC, the robustness of rare-earth ions against surface noise en-
ables extensive micro- and nanofabrication of photonic structures in order to increase
their coherent photon �ux. There are two main approaches: focused-ion-beam fabri-
cation of cavities directly into glassy rare-earth ion host materials 212,213, or fabrication
of cavities in a different material such as Si, with a subsequent transfer onto the rare-
earth ion host for evanescent coupling214. An example is the integration of Er 3+ ions into
CaWO4, showing narrow optical linewidths, indistinguishable single-photon emission
and a cavity Purcell-factor of 250215.

2.2 Laser writing of defects in diamond

An important requirement for realizing scalable quantum networks is the capability to
create the network nodes deterministically – a potential offered by femtosecond laser
writing. Until now, femtosecond laser machining has demonstrated its use in applica-
tions such as nanosurgery and micro�uidics, and has been employed to write compo-
nents ranging from waveguides and ampli�ers to �lters and resonators 216. The method
was only recently utilized as a technique for creating defects in diamond.
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2.2.1 Interaction of ultrashort pulses with dielectrics

In order to produce permanent damage to a transparent material by means of an optical
pulse, enough energy has to be deposited into the material. In a transparent material, the
cross-section of linear absorption of the laser light is extremely small, which means that
the energy has to be transferred through a nonlinear absorption mechanism 217. There
are two nonlinear processes that promote electrons in a transparent material from the
valence- to the conduction band: nonlinear photoionization and avalanche ionization 218.

Nonlinear photoionization, in turn, has two regimes – multi-photon ionization (MPI)
and tunneling, schematically illustrated in Fig. 2.10a. For strong laser �elds and small
laser frequencies (long wavelengths), tunneling dominates, while higher laser frequen-
cies and shorter wavelengths predominantly lead to MPI. Depending on the used pa-
rameters, the two regimes overlap; the dominating mechanism can be described by the
Keldysh parameter219:

g =
w
e

"
mcn#0Eg

I

#1/2

(2.13)

where w is the laser angular frequency, e the charge of the electron, m its reduced mass,
c the speed of light, n the refractive index of the transparent material, #0 the permittivity
of free space, Eg the bandgap of the transparent material, and I the laser intensity at
the focus. Tunneling is the dominant process when g < 1.5, while MPI dominates for
g > 1.5. In the intermediate regime around g � 1.5, both processes occurii .

Tunneling ionization takes place for strong laser �elds and short pulses, where the
superposition of the nucleus Coulomb �eld and the laser electric �eld results in an oscil-
lating �nite potential barrier through which a valence electron can tunnel 217,218. For this
to occur, the �eld strength must be on the order of 10 9 V/m, corresponding to a power
density of 5 � 1020 W/m 2 and given for example by a focus size of 200 µm2, a pulse of
energy 1 µJ and pulse length of 100 fs216. MPI instead relies on the simultaneous absorp-
tion of multiple photons, promoting a valence electron to the conduction band. The two
processes scale differently with the laser intensity: in the case of tunneling, the photoion-
ization rate scales only weakly with the laser intensity, while in MPI, the photoionization
rate scales asµ skI k, with sk being the multi-photon absorption coef�cient for the ab-
sorption of k photons, and the minimum number of photons given by the k that satis�es
kh̄w > Eg

218.
The second type of nonlinear process, avalanche ionization, is illustrated in Fig. 2.10b-

c. First, free carrier absorption occurs, in the course of which an electron in the con-
duction band sequentially absorbs several laser photons that promote it higher into the
conduction band. Once a minimum of n photons, with n satisfying nh̄w > Eg, has been
absorbed, impact ionization takes place. Subsequently, an excited electron can ionize
another electron from the valence band, resulting in two electrons near the conduction
band minimum. Subsequent photoionization of both of these electrons will ionize more
valence band electrons, leading to avalanche ionization as long as the electromagnetic
�eld from the laser is present and strong enough 217. The needed initial free carriers (or

ii Ref. 218 uses 1.5 as the separator between the two regimes; the dividing value used by Ref. 217 is 1.
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Figure 2.10.: Interaction of an ultrashort pulse with a dielectric material. (a) A short energetic
pulse promotes an electron from the valence band (VB) to the conduction band (CB) via MPI or
tunneling. (b) Further absorption of photons promotes the electron higher into the CB. (c) Impact
ionization of the electron promotes another electron from the VB into the CB, and the process
in (b) can be repeated under continued excitation, creating an avalanche process. Adapted from
Ref. 217.

seed electrons) in the conduction band are provided either by tunneling, MPI, thermal
excitation, or ionized impurity or defect states 218. The avalanche ionization rate has been
described as either linearly proportional 220 or proportional to the square root 221 of the
laser intensity.

Once suf�cient energy has been transferred from a laser pulse to a transparent material,
permanent damage can be produced. The exact mechanism for the creation of damage
depends strongly on the duration of the laser pulse. For pulses longer than tens of pi-
coseconds, the energy transfer to the lattice occurs on a timescale corresponding to the
pulse duration; thermal diffusion transfers energy from the focus and damage occurs
when the temperature is above the melting or fracturing point of the material. Since
a large pulse duration allows for a longer accumulation of electrons in the conduction
band, avalanche ionization is ef�cient. This also leads to dif�culties in determining an
exact threshold for optically induced lattice damage, since the seed electron density is
heavily affected by impurities in the material 218. For pulse durations of 10 ps or longer,
the threshold laser �uence for material damage depends on the square root of the pulse
length217.

For sub-picosecond pulses, the absorption of energy from the laser pulse instead occurs
on a timescale much shorter than the transfer of heat to the lattice. The rapid accumula-
tion of electrons during avalanche ionization leads to the formation of a plasma, rapidly
transferring energy to the lattice and resulting in permanent structural changes. The en-
ergy required for this damage is smaller than that for longer pulses. Furthermore, the
heat diffusion outside the focal area is minimized, leading to more precise changes to the
material. Since suf�cient seed electrons are created during the �rst tens of femtoseconds
of the pulse, the process for femtosecond laser pulses is deterministic and gives more re-
producible shot-to-shot damage compared to longer pulses. Even though the absorption
of light, avalanche ionization and carrier-carrier scattering occurs on the timescale of the
pulse, structural changes in the material can take place up to microseconds later216–218.
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2.2.2 Creation of NVs via laser writing

Turning to the speci�c case of ultrafast laser processing of diamond, there are two
regimes: a high-energy regime, where non-thermal melting, short-timescale Coulomb
explosions and re-solidi�cation of the material lead to ablation and graphitization of the
surface138, and a lower-energy regime, in which the nonlinear processes described in
Section 2.2.1 promote non-equilibrium charge carriers and create localized damage in the
bulk 222. Each of these regimes can lead to the creation of NVs in diamond; in order to
distinguish between the two, the former will be referred to as laser nanoablation, and the
latter as laser writing.

Laser writing of NV centers in diamond can be described with two steps: the ”writing”
(step 1 in Fig. 2.11a), in which an ultrashort laser pulse transfers energy to the lattice via
nonlinear processes and creates permanent damage in the form of lattice vacancies, and
the annealing (step 2 in Fig. 2.11a), in which the created vacancies diffuse and form NVs
with native nitrogen in the lattice.

Neutral vacancies in diamond, also known as GR1 radiation damage centers, are de-
fects with tetrahedral symmetry that can be produced in all types and purities of dia-
mond. Under green illumination, the PL is characterized by a peak close to 740 nm (ZPLs
at 744.6 nm and 741.1 nm), with an intensity increasing with the number of vacancies
and decreasing with temperature 223. The defect is stable up to 850� C. The GR1 spectral
signature is shown in Fig. 2.11b; the peak broadens as the lattice becomes less periodic,
eventually turning into broadband �uorescence indicating diamond graphitization and
the creation of more severe dislocations49,222.

The creation of a vacancy in diamond inherently leads to the formation of a vacancy-
interstitial pair, a Frenkel defect. The threshold energy for an atomic displacement in

Figure 2.11.: Creation of NVs via laser writing. (a) Single ultrashort pulses are focused inside
diamond to create vacancy clusters (1). A subsequent annealing step causes the created vacancies
to diffuse and form NVs with diamond-native nitrogen (2). (b) Spectral signature of GR1, mea-
sured before annealing the diamond. (c) Spectral signature of NV � , measured after annealing the
diamond.
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diamond has been measured to be 35� 5 eV224. A more recent study suggests that the
threshold energy for Frenkel defect formation, described by the recombination of a bound
biexciton as the laser-induced electron plasma cools down, is about 8 eV122,222,225. After
annealing a laser-irradiated sample to 1000-1100� , NVs are formed owing to the laser-
induced vacancies diffusing in the lattice (see Section 2.1.3.1) and forming NVs with na-
tive nitrogen (Fig. 2.11c).

The �rst case of laser writing of NVs inside bulk diamond was demonstrated in 2016,
where the enhancement of NV0 and NV � PL in an optical-grade diamond from a train
of picosecond laser pulses was shown. The exposures were carried out using 532 nm, 10
or 46 ps pulses at a repetition rate of 50 kHz and energy of 0.2-5 µJ. No separate anneal-
ing step was required since high enough temperatures to induce vacancy diffusion were
reached during the multi-pulse exposures 226.

In 2017, deterministic single-pulse creation of NVs was shown for the �rst time. Sin-
gle 300 fs pulses with a wavelength of 790 nm and energy of approximately 14-25.5 nJ
(measured at the output of the focusing objective) induced GR1 photoluminescence at a
depth of 50 µm in electronic-grade diamond. Negatively charged NVs were formed after
annealing the diamond to 1000� C. A lateral NV positioning precision of 200 nm could
be demonstrated, limited by the vacancy diffusion during the annealing. Above a pulse
energy of 25.5 nJ, the writing sites showed broadband �uorescence, indicating graphiti-
zation. In the study, adaptive optics (a liquid crystal spatial light modulator) was used
together with a oil-immersion objective, giving a combined NA of 1.4. The writing was
performed in the MPI regime, where an average of nine photons were needed to excite
an electron from the valence to the conduction band 49.

The same authors later achieved laser writing with a higher positioning accuracy
(33 nm) and yield (96%), by using the writing laser at a higher repetition rate (1 kHz)
after a single-pulse exposure to locally induce vacancy diffusion and form NVs without
requiring a separate annealing step. The study, however, relied on a high pre-existing
nitrogen content of 1.8 ppm. Real-time �uorescence monitoring enabled the annealing
process to be halted as soon as the wanted �uorescence intensity was reached, enabling
preselection of the number of NVs formed as well as of the NV orientation 227.

Since then, it has been shown that shortening the laser writing pulse length widens
the range of useful pulse energies, and that it increases the pulse energy that can be
used without inducing diamond graphitization 228. It has further been seen that shorter
pulses require higher pulse energies, and that the defect generation threshold decreases
with an increase in NA (up to an NA of 1.25, above which additional aberrations are
introduced) 222.

2.2.3 Creation of NVs via laser ablation

Laser ablation, or nanoablation, is a method for creating NVs close to the surface with-
out inducing bulk damage. So far, it has only been demonstrated on optical-grade
diamond 138,229,230, and, as mentioned in Section 2.1.3.3, only resulted in NVs with ex-
tremely broad ( � 200 GHz) ZPL linewidths. The nanoablation regime can be reached
with a lower laser �uence compared to what is needed for bulk damage, while operating
at the diamond-air interface. In this regime, the required high density of free carriers
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is produced without inducing surface graphitization. Instead, the increase in NV PL is
accompanied by the appearance of a shallow crater in the material. In contrast to laser
writing in bulk, an annealing step after the ablation does not increase the PL intensity
further.

By increasing the laser �uence, the regime of conventional ablation can be reached, in
which the �eld penetration depth is much larger than the diffusion length of the induced
carriers. In the case of nanoablation, the energy transfer is more localized, such that
diffusion dominates the energy transfer within the lattice 231.

Nanoablation under 266 and 400 nm irradiation has been shown to controllably create
NVs, with a concentration increasing logarithmically with the number of pulses and a
formation rate scaling with the sixth power of the �uence 138,230. It has not been achieved
with longer wavelengths, a possible reason being that nanoablation requires excitation of
oxygen-containing sites at the surface in addition to exciting the diamond lattice itself –
a process happening less ef�ciently at longer wavelengths 230.

2.2.4 Laser writing of other defects

In diamond, not only NVs have been created via laser writing: by focusing a femtosec-
ond laser through a layer of Si nanoballs on a diamond surface, shallow SiVs have been
created, however requiring high pulse energies on the order of 10 µJ 232,233. Laser writ-
ing of defects in other wide-bandap materials such as GaN 234, cubic boron nitride 235 and
SiC236–239has also been demonstrated.

Defects in a range of alkali metal halides (LiF, NaF, MgF 2, NaCl, KCl, KBr, KI and
CaF2) have also been created via laser writing239–241. Many of the alkali metal halides
are attractive for novel photonic applications owing to their large bandgap, wide trans-
parency window and solubility. Laser writing has further been used to create clusters
of color centers in nonlinear crystals such as YLF242,243and YAG 244 and in oxide crystals
such as titanium dioxide and quartz 245,246. Finally, laser writing of color centers has not
only been performed in bulk and crystalline materials, but also in low-dimensional ma-
terials such as single-walled carbon nanotubes (SWCNT)247 and hexagonal boron nitride
(hBN)239,248,249.

2.2.5 Minimizing spherical aberrations

Laser writing of NVs is based on focusing a laser within the bulk of diamond. In order
to create as concentrated lattice damage as possible (minimizing the charge noise in the
vicinity of the eventually created emitters), and in order to minimize the probability of
graphitizing the diamond surface, it is crucial to maintain a tight laser focus within the
material. The size of the focus and the imaging resolution is ultimately determined by the
spherical aberrations introduced at the interface between the diamond and the imaging
medium. The difference in refractive index between the air and diamond severely affects
the focus quality, reduces the probability that the highest-angle rays contribute to the
focus, and worsens the transverse and axial resolution compared to the diffraction limit.
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2.2.5.1 Diffraction limits

In the case of no aberrations, the lateral and axial spatial resolution of any optical micro-
scope are given by the diffraction limit. A way to derive this limit is by looking at the
three-dimensional light distribution around the focal plane of a lens, given by an Airy
pattern described by

I (0,v) =
�

2J1(v)
v

� 2

I0 (2.14)

across the optical axis and

I (u, 0) =
�

sin (u/4 )
u/4

� 2

I0 (2.15)

along the optical axis in the case of a plane wave impinging on the lens 250. Here, I0 is the
intensity at the center of the pattern and v, u are given by

v =
2p
l

NA � r (2.16)

u =
2p
l

NA 2 � z (2.17)

with the numerical aperture de�ned as NA = sin (q), q being the half-angle of the max-
imum cone of light that can enter or exit the lens. r and z denote the distance from the
center of the lateral focus and the distance from the focal plane, respectively. By de�ning
the full extent of the focus as the distance between the �rst intensity minima surrounding
the central maximum of the intensity distribution (at these minima, the �eld intensity is
zero), the diffraction limit across the optical axis (lateral resolution) can be derived as

Dx =
1.22l
NA

(2.18)

and the diffraction limit along the optical axis (axial resolution) as

Dz =
4l

NA 2 (2.19)

where l is the free-space wavelength of the light. Inside a medium, the wavelength l
reduces to l / n250. The FWHM is given by

DxFWHM =
0.52l
NA

(2.20)

DzFWHM =
1.77l
NA 2 (2.21)

From these expressions, it is apparent that the spatial resolution can be improved by
increasing q or by reducing l . The latter can be done either by using light with a shorter
wavelength, or by increasing the refractive index of the medium surrounding the focal
plane, for example by liquid immersion techniques, where oils with high refractive in-
dices are introduced into the optical system 251.



2.2. Laser writing of defects in diamond 31

2.2.5.2 Adaptive optics and solid-immersion-lens microscopy

A way to optimize the temporal and spatial pro�le of the laser focus and reduce the
aberrations is to use adaptive optics, which can dynamically modify the phase, amplitude
and polarization of a laser beam before it enters a material. Examples include spatial
light modulators, digital mirror devices, and deformable mirrors. Adaptive optics have
the advantage over passive elements in that the threshold pulse energy can be made
invariant of the depth within the material. Aberrations typically depend on the focusing
depth and can there be compensated equally. Adaptive optics furthermore allow for
temporal and more distinguished shaping of the incoming beam, which is not possible
with a passive element252.

Nevertheless, a passive element such as a solid-immersion lens (SIL) presents advan-
tages in its low cost and ease of operation. It is a simple optical component that offers an
improvement in both spatial resolution, collection ef�ciency, and magni�cation, all ow-
ing to the increase in numerical aperture provided by it 251. For particular SIL focusing
conditions, spherical aberration can be completely eliminated 253.

Solid immersion microscopy was invented in 1990 254. It is based on liquid immersion
microscopy, but has the advantage of including also the light beyond the critical angle in
the system. This increases both the spatial resolution and the collection ef�ciency. Espe-
cially since there are no immersion oils matching the refractive index of many common
semiconductors, and because it is not possible to physically immerse the objective lens
into solid samples, SILs are attractive for the fabrication and characterization of photonic
nanostructure devices251. As will be shown in this thesis, SILs are also extremely useful
for the creation of NVs in diamond.

There are two main categories of SILs, hemispherical SILs (h-SILs, Fig. 2.12) and super-
SILs (s-SILs, or Weierstrass Optic, Fig. 2.13). When focusing through a high-index sphere,
light is focused without spherical aberrations at two so-called aplanatic points. h-SILs use
the �rst aplanatic point, located at the center of the sphere, as their focal point. Such SILs
are well-suited for focusing close to or right below the SIL. s-SILs instead use the second
aplanatic focusing point, located at a distance z0 = ( n1/ n2)/ R from the center of the
sphere, with R being the radius of the sphere, n0 the refractive index of the s-SIL and n1

Figure 2.12.:Design of an h-SIL. (a) Focusing light through an objective lens into the �rst aplanatic
point of a sphere with n2 > n1. (b) An h-SIL, exploiting the �rst aplanatic point as the focus.
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Figure 2.13.:Design of an s-SIL. (a) Focusing light through an objective lens into the second apla-
natic point of a sphere, with n2 > n1. (b) An s-SIL, exploiting the second aplanatic point z0 as the
focus.

the refractive index of the surrounding medium. A second, virtual, s-SIL focus is located
at a distancez1 = ( n2/ n1)/ R from the center of the sphere251.

Either type of SIL can be used for sub-surface imaging or writing. The s-SIL has the
advantage of not being limited by the NA of the focusing optics and provides a higher
magni�cation ( � n2, giving a resolution gain of 1/ n2) compared to the h-SIL (magni�ca-
tion scaling n and a resolution gain of 1/ n). However, if an s-SIL is made to maximize
the NA, its focal position (located at a depth X below its planar interface) is related to its
physical height D via

D = R
�

1 +
1
n

�
� X (2.22)

which means that the focal position is wavelength-dependent 251. In order to eliminate
chromatic aberrations, which is important for focusing temporally short (spectrally wide)
laser pulses, an h-SIL is therefore advantageous.

In this work, a truncated hemispherical SIL (t-SIL) is used, in which a part is removed
from the �at facet of a h-SIL, reducing the physical height of the lens (Fig. 2.14). For
focusing light into a material with a refractive index matching the one of the SIL, this
leads to an aberration-free focus at a depth within the material exactly corresponding to
the truncation depth.

Figure 2.14.:Design of a t-SIL. (a) A t-SIL is created by truncating a h-SIL by removing a thickness t
from its planar facet. (b) A t-SIL, giving a spherical-abberation-free focus at a depth corresponding
to the truncation if the material has the same refractive index as the t-SIL itself.
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2.3 Cavity quantum electrodynamics

Cavity quantum electrodynamics (cavity QED) describes the coherent coupling between
a quantum emitter and a cavity. The emitter can absorb photons from the cavity mode,
but also emit photons into it. Depending on the characteristics of this exchange, the �ux
of indistinguishable photons from the emitter and out of the cavity can be increased – a
desired interplay for an NV.

2.3.1 The Jaynes-Cummings model

The interaction of a two-level emitter and an electromagnetic �eld can be modeled
through perturbation theory, either for a classical driving �eld or a quantum mechanical
�eld. In order to explain the existence of spontaneous emission, the latter – a fully quan-
tum mechanical treatment – is necessary, which is described by the Jaynes-Cummings
model255,256.

In a small optical cavity, only one or a few widely spaced modes are supported, com-
pared to the in�nite number of modes in free space. This makes it possible to implement
an ideal emitter-single-mode interaction, if a single optical cavity mode is close in fre-
quency to the emitter frequency. The single-mode cavity �eld that the NV interacts with
is given by the quantized electric �eld operator Ê. The atom-�eld interaction Hamilto-
nian is derived from the dipole moment operator d̂ via

Ĥ ( I ) = � d̂ � Ê = h̄g0( ŝ+ + ŝ� )( â+ â†) (2.23)

with â and â† describing the creation and annihilation of a cavity photon and the atomic
transition operators being ŝ+ = jei hgj and ŝ� = jgi hej. Here, an atom-cavity coupling
constant g0 has been de�ned as

g0 =
meg

h̄
jEvacj (2.24)

with the electric dipole moment of the transition meg given by

meg = ehgj d̂ jei (2.25)

and the absolute value of the vacuum electric �eld Evac by

Evac =
�

h̄w
2#0V

� 1/2

. (2.26)

w is the angular frequency of the �eld and V the volume to which the �eld is con�ned.
The total Hamiltonian describing the atom, the �eld, and their interaction, is given by

the sum of the respective Hamiltonians as

Ĥ = ĤA + ĤF + Ĥ ( I ) (2.27)
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where the free atomic- and free �eld Hamiltonian (after dropping the zero-point energy
term) are given by

ĤA =
1
2

(Ee � Eg) ŝ3 =
1
2

h̄w0ŝ3 (2.28)

and
ĤF = h̄wâ†â. (2.29)

Here, the transition angular frequency between jgi and jei is w0 and the inversion opera-
tor is de�ned as ŝ3 = jei hej � j gi hgj. The energy level E = 0 is set to be halfway between
the ground- and excited level.

The creation, annihilation and transition operators evolve as

â(t) = â(0)e� iwt

â†(t) = â†(0)eiwt

ŝ+ (t) = ŝ+ (0)eiw0t

ŝ� (t) = ŝ� (0)e� iw0t (2.30)

which leads to the product terms in Eq. (2.23) having a time-dependence of either �
(w0 � w) or � (w0 + w). The term ŝ� â† corresponds to the emission of a photon as
the atom deexcites from jei to jgi , and the term ŝ+ â corresponds to the absorption of
a photon as the atom is excited from jgi to jei , both conserving the number of energy
quanta. On the other hand, the terms ŝ+ â† and ŝ� â, corresponding to the emission of a
photon during excitation of the atom and the absorption of a photon during deexcitation
of the atom, do not conserve the number of quanta. After performing the so-called ro-
tating wave approximation, in which the rapidly changing (and non-energy-conserving)
terms � (w0 + w) are dropped due to the terms � (w0 � w) dominating close to reso-
nance (w0 � w), the total Hamiltonian, known as the Jaynes-Cummings Hamiltonian, is
obtained:

Ĥ =
1
2

h̄w0ŝ3 + h̄wâ†â+ h̄g0( ŝ+ â+ ŝ� â†). (2.31)

A state vector can be written as

jy (t)i = Ci (t) j i i + Cf (t) j f i (2.32)

with jni being the number state of the �eld and the initial and �nal state of the atom-�eld
system de�ned as j i i = jei j ni and j f i = jgi j n + 1i , respectively. With Ci (0) = 1 and
Cf (0) = 0, the probability of the system making a transition from j i i to j f i is given by

Pf (t) = jCf (t)j2 = sin2 (g0t
p

n + 1). (2.33)

This is a sinusoidal oscillation, with a frequency given by the photon number and cou-
pling strength between the two-level system and �eld. The frequency of this oscillation,
the Rabi frequency, is

W(n) = 2g0
p

n + 1. (2.34)

This means that Rabi oscillations arise also for jni = 0 (for the atom in jei ), i.e. when there
is no �eld present initially. Such vacuum Rabi oscillations have no classical counterpart
and correspond to the cyclic case where the atom deexcites via spontaneous emission,
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subsequently reabsorbs the emitted photon, and is excited again257.

2.3.2 Light-matter interaction including system losses

Until now, the interaction between the two-level emitter and the cavity �eld has been
postulated to be lossless, i.e., it has been assumed that no excitations are lost from the
system. In reality, the photon loss rate out of the cavity k and the photon loss rate g via
decay into modes that are not resonant with the cavity have to be taken into account.
k is given by scattering, absorption and transmission through the cavity mirrors and
corresponds to the spectral linewidth of a cavity resonance. It can be expressed for a
resonance angular frequency wc via the cavity quality factor (Q-factor) as

k =
wc

Q
. (2.35)

Together with g and the atom-cavity constant g0, given by Eq. (2.24),k characterizes the
light-matter interaction. This is schematically illustrated in Fig. 2.15.

The cooperativity C is de�ned as

C =
4g2

0

kg
(2.36)

or, in the presence of dephasing with a rate g � , asC = 4g2
0/ (k(g + g � )) . With this de�-

nition, the cooperativity directly compares the coherent emitter-cavity coupling and rate
of radiation via the cavity to all emitter dephasing mechanisms 161. In the case of NVs,
where the contribution of dephasing to the optical linewidth (homogeneous broadening)
is typically comparable to the lifetime-limited linewidth, Eq. (2.36) is a reasonable ap-
proximation. Depending on the relative values of k, g and g0, a light-matter interaction
can be categorized as either weak or strong.

The strong coupling regime of cavity QED occurs when g0 � k, g. The vacuum Rabi
oscillations described by Eq. (2.34) for jni = 0 is an effect seen in this regime. In the

Figure 2.15.: Light-matter interaction in a tunable open microcavity. A two-level system with a
decay rate g, in this case an NV in diamond, interacts with the intracavity �eld with a coupling
strength g0. The leakage rate of the intracavity �eld out of the cavity is given by k.
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strong coupling regime, the bare product states (e.g. jei j ni and jgi j n + 1i , given by the
unperturbed atom and �eld), are mixed by the electric-dipole interaction between the
atom and the cavity photon and form dressed states. The dressed states consist of pairs
of states split by DEn = 2

p
nh̄g0 in a system known as the Jaynes-Cummings ladder257,258.

The weak coupling regime can instead be expressed as the regime wherek > g0 � g.
In this regime, there is an irreversible emission of light, where photons are lost from the
atom-cavity system faster than the time it takes for the emitter to reabsorb a photon. The
cavity either enhances or suppresses the photon density of states compared to free space,
depending on whether it is on resonance with the emitter's transition or not 257,258. The
small Debye-Waller factor of NVs gives a low effective optical dipole moment me f f

eg and
therefore a low value of g0 compared to realistic values of k/ (2p ) � GHz achieved with
open microcavities58,64,259and g/ (2p ) � 13 MHz. This places NV-cavity interactions in
the weak-coupling regime of cavity QED.

2.3.3 Purcell-enhancement

When a two-level emitter is coupled to a single (or spectrally isolated) mode of a cavity in
the weak coupling regime, the spontaneous emission rate of the emitter is increased due
to the Purcell effect260. In the case of an NV, only the ZPL transition is an effective two-
level system. A ZPL photon can be emitted either into free space, with a free-space spon-
taneous emission rate of gZPL, or into the cavity mode, with an increased spontaneous
emission rate of gZPL

Purcell. The ZPL Purcell-factor FZPL
P quanti�es the relative magnitude of

these rates. Here, we use the de�nition

FZPL
P =

gZPL
Purcell + gZPL

gZPL =
gZPL

Purcell

gZPL + 1. (2.37)

The rate of spontaneous emission for a two-level emitter can be described using Fermi's
golden rule:

geg =
2p

h̄2 jMegj2D(w). (2.38)

Here, D(w) is the photon density of states and Mega transition matrix element describing
the overlap between the emitter dipole and the vacuum electric �eld. We can write Meg

as
M 2

eg = z2m2
egE

2
vac (2.39)

where z is a normalized dipole orientation factor de�ned as

z =
jd � Evacj
jd jjEvacj

. (2.40)

z2 = 1/3 in the case of free-space emission, averaging over all possible relative orienta-
tions of the emitter dipole and the �eld 258.

In free-space, the photon density of states is given by

D(w) =
w2V
p 2c3 , (2.41)
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with a quadratic dependence on the angular frequency. In a cavity, the density of states is
instead described by the Lorentzian lineshape of the cavity resonance, with a linewidth
k:

D(w) =
2

pk
k2

4(w � wc)2 + k2 (2.42)

Using Eqs. (2.26), (2.39), (2.41) and (2.42) for Eq. (2.38) and evaluating the expressions
at the ZPL angular frequency w0 gives the free-space and cavity-enhanced spontaneous
emission rate:

gZPL =
m2

egw
3

3p#0h̄c3 (2.43)

gZPL
Purcell = z2

2m2
eg

h̄#0

Q
V

k2

4(w0 � wc)2 + k2 (2.44)

Inserting Eq. (2.43) and Eq. (2.44) into Eq. (2.37) �nally gives the ZPL Purcell-factor:

FZPL
P = 1 +

6p c3

w3

Q
V

�
jd � Evacj
jd jjEvacj

� 2 k2

4(w0 � wc)2 + k2 (2.45)

The expression can be simpli�ed when the NV dipole is oriented along the �eld ( d jjEvac)
and the cavity is tuned to resonance with the ZPL ( w0 = wc):

FZPL
P = 1 +

3
4p 2

Q
V

�
l
n

� 3

(2.46)

where c/ w has been replaced byl /2 p n, with l the free-space wavelength of light and
n the refractive index of the cavity mode 258. The higher the Q-factor and the smaller
the mode volume of the cavity, the higher the Purcell-enhancement. This is, however, a
simpli�cation: the full expression for the Purcell-factor in Eq. (2.45) illustrates that a high
Purcell-enhancement relies on good relative alignment between the NV dipole and the
�eld, as well as close-to-resonance conditions between the cavity and the NV 258.

In an experiment, the total NV decay rate is measured. The total decay rate g0 in free
space can be described by the sum of the decay rate into the ZPL,gZPL, and the decay rate
into the PSB,gPSB, scaled by the NV branching ratio given by the Debye-Waller factor x:

g0 = gZPL + gPSB = xg0 + ( 1 � x)g0. (2.47)

Note that gZPL � gPSB. Here, we assume a QE of 1. The total Purcell-enhanced decay
rate gPurcell in a cavity can be written as

gPurcell = gZPL
Purcell + gPSB = FZPL

P gZPL + gPSB (2.48)

with FZPL
P given by Eq. (2.45). Owing to the broadband nature of the PSB decay, leading

only to minor changes in the PSB decay rate with changes in the cavity resonance fre-
quency, the Purcell-enhancement of gPSB is assumed to be negligible. Rewriting Eq. (2.48)
using Eq. (2.47) gives

FZPL
P =

gPurcell � (1 � x)g0

xg0
=

gPurcell � g0

xg0
+ 1. (2.49)
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which expresses the ZPL Purcell-enhancement in terms of the measured decay rates.
The overall Purcell-factor FP is instead given by

FP =
gPurcell

g0
, (2.50)

which is typically much smaller than FZPL
P since the cavity couples almost exclusively

to the transition represented by the ZPL, in�uencing only a fraction of the possible NV
decay paths.

FP can furthermore be expressed in terms of the cooperativity as

FP = 1 + C (2.51)

in the case when the cooperativity is expressed using g. With the unfavorable branching
ratio of an NV, realistic values for FP limit the experimentally achievable cooperativities.
This emphasizes why NV-cavity coupling experiments typically operate in the weak-
coupling regime of cavity QED.

The spontaneous emission coupling factor b, describing the fraction of photons emitted
into the cavity mode, needs to take both the coherent (ZPL) and incoherent (PSB) parts of
the NV emission into account. Hence, b is given by the overall Purcell-enhancement:

b =
FP � 1

FP
. (2.52)

The expression can be understood using Eqs. (2.36) and (2.51). For free-space emission,
or when the cavity is detuned far off-resonance with the NV ZPL, the NV-cavity coupling
strength g0 goes to 0 and the NV decay rate is unaffected by the cavity. This corresponds
to FP = 1 and b = 0, meaning that none of the NV photons are emitted into the cavity
mode. When the cavity is tuned close to resonance with the NV ZPL, g0 > 0, FP > 1 and
b > 0, leading to an increased decay rate and some fraction of the photons being emitted
into the cavity mode.

2.3.4 A plano-concave open microcavity

In this work, Purcell-enhancement of NVs is realized by placing an NV-containing dia-
mond membrane into a plano-concave optical microcavity.

2.3.4.1 Cavity characteristics

Two important characteristics of a cavity are its �nesse and Q-factor. The �nesse can be
seen as the ”resolving power” of the cavity and conveys information about the losses in
the system. It is de�ned as the fraction between the free spectral range (FSR), given by the
difference in frequency or cavity length between consecutive resonances, and the width
of each resonance. The lossless �nesse, when assuming no absorption and scattering
losses, can be derived solely from the re�ectivities R 1 and R 2 of the mirrors forming the
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cavity:258

F =
p (R 1R 2)1/4

1 �
p

R 1R 2
. (2.53)

Taking losses into account, the �nesse is instead expressed by

F =
2p
L tot

. (2.54)

Here, the round-trip loss is de�ned as L tot = T1 + T2 + L 1 + L 2, with T1/2 the transmis-
sion of mirror 1 and 2, respectively, and L 1/2 the absorption- and scatter losses of mirror
1 and 2, respectively.

The Q-factor of the cavity, introduced in Eq. (2.35) and describing the relative energy
loss rate of a resonator compared to its stored energy, is for a bare cavity related to the
�nesse via

Q =
F L

( l /2 )
(2.55)

and to the Purcell-enhancement via Eqs. (2.45) and (2.46). The advantage of the �nesse
over the Q-factor as a �gure of merit is that it is independent of the cavity length 261.

2.3.4.2 A coupled diamond-cavity system

In a bare cavity, schematically illustrated in Fig. 2.16a, two highly re�ective mirrors are
separated by an air gap of length Lair. In reality, the optical distance L between the mirrors
is slightly larger than Lair and takes into account also the penetration of the optical �eld
into the mirrors. The optical cavity length at resonance is given by L = m l r

2 , with l r being
the resonance wavelength and m an integer. The bare-cavity mode structure, derived in
Section B.1 under the one-dimensional simpli�cation of an ideal cavity, is illustrated in
Fig. 2.16d.

Inserting a diamond slab of thickness td into the system leads to two coupled cavities,
one de�ned by the air gap and one by the diamond itself. In this coupled system, some of
the �eld is con�ned within the air gap and some within the diamond (Fig. 2.16b-c). The
mode structure of the coupled system, derived in Section B.2, is illustrated in Fig. 2.16e-f.

Each mode of the coupled system has features with a steep slope (purple), given by
the resonances within the air gap and resembling the bare cavity resonances, as well as
features with a shallow slope (orange), given by the resonances within the diamond and
constant with respect to the cavity length. Depending on what feature dominates at the
emission frequency of an NV, the coupled NV-cavity system is said to be in a diamond-
or an air-con�ned mode.

For perfect mirrors, assuming vanishing �eld penetration into the mirrors, L is given
purely by Lair and td. The cavity resonances occur for values of Lair and td that ful�ll the
condition

Lair + tdnd = j
l
2

(2.56)

with nd being the refractive index of diamond and j an integer.
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Figure 2.16.:Simulated cavity mode structure. (a) A bare cavity, formed by two re�ective mirrors
separated by Lair. (b) A cavity with diamond, forming two coupled cavities: one of length td,
given by the diamond thickness, and one of length L air, given by the air gap. The thickness td,1
of the diamond yields an air-con�ned mode. (c) A cavity with diamond, where the diamond
thickness td,2 yields a diamond-con�ned mode. (d) Mode structure of a bare cavity. (e) Mode
structure of a cavity with diamond in an air-con�ned mode. The diamond thickness is td,1 =
2.11 µm. (f) Mode structure of a cavity with diamond in a diamond-con�ned mode. The diamond
thickness is td,2 = 2.05 µm. The red dashed lines indicate the ZPL frequency of NV � .

2.3.4.3 Cavity design

We now turn to the design of the cavity. Possible stable cavity geometries are given by
the condition

0 �
�

1 �
L
R1

��
1 �

L
R2

�
� 1, (2.57)

denoting the radius of curvature (ROC) of the top and bottom mirror as R1 and R2, re-
spectively. The condition is derived using Gaussian optics under the paraxial approxi-
mation and assuming perfect mirrors 262. For a plano-concave cavity with R2 ! ¥ , this
translates into the condition L � R1.

In order to optimize the cavity-emitter coupling, a small cavity waist is required. In the
case of a short plano-concave cavity, the cavity mode waist can be approximated by

w0 �
l
p

(LR1)1/4 . (2.58)

The corresponding mode volume is given by 261

V =
p
4

w2
0L. (2.59)
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Cavity mirrors can be made by coating a substrate with a distributed Bragg re�ector
(DBR, also known as a quarter-wave stack). A DBR consists of dielectric layers with
alternating high and low refractive index. Making the layers l /4 thick leads to con-
structive interference of the re�ected light for a wavelength of l , with the re�ectivity
increasing with the number of layer pairs and the refractive index contrast between the
layers. The transmission of light through a DBR can analytically be described using a
one-dimensional transfer matrix model, in which each layer and interface is described
by a matrix and the transmitted and re�ected �elds are obtained from the total transfer
matrix of the system 263.

The result of such a simulation (Essential Macleod, Thin Film Center Inc.) for a DBR
stack designed for maximal re�ection at 637 nm is illustrated in Fig. 2.17. The resulting
”window” of low transmission centered around the design wavelength is referred to as
the stopband of the mirror. The high-refractive-index material is set to be Ta 2O5 (with
nH = 2.12 for l = 637 nm) and the low-refractive-index material is set to be SiO 2 (with
nL = 1.46 for l = 637 nm).

In Fig. 2.17a, a bare DBR without diamond is simulated. The transmission is calculated
for three cases: a high-index-terminated (H-terminated) DBR consisting of 15 layer pairs,
a low-index-terminated (L-terminated) DBR with 15 layer pairs, and an H-terminated
DBR consisting of 11 layer pairs. The latter is used to show that a reduction in the number
of layer pairs leads to an increase in the transmission of the mirror. This can be exploited
to create an asymmetric cavity which preferentially leaks photons through one of its mir-
rors. H-termination results in a slightly higher re�ectivity compared to L-termination, as
it results in a higher refractive index contrast between the top DBR layer and the air.

In Fig. 2.17b, a DBR with a diamond layer on top is simulated. For a cavity with H-
terminated mirrors, a mode is air-con�ned if the thickness of the diamond ful�lls

td = q
l

2nd
, (2.60)

with q an integer. A mode is diamond-con�ned if the diamond thickness ful�lls

td = ( 2q+ 1)
l

4nd
, (2.61)

For a cavity with an L-terminated bottom mirror and an H-terminated top mirror, an
air-con�ned mode is obtained if the diamond thickness ful�lls Eq. (2.61) and a diamond-
con�ned if the diamond thickness ful�lls Eq. (2.60). Since the addition of a diamond layer
changes the refractive index contrast with respect to the top layer of the DBR, the DBR
transmission depends strongly on the mirror termination. The highest mirror re�ectivity
is achieved for an L-terminated DBR with a diamond on top with a thickness matching
the condition for an air-con�ned mode.

The transfer matrix method can be further extended to the case of a full cavity. The
result of such a simulation, used to calculate the vacuum electric �eld Evac within the
cavity, is shown in Fig. 2.18. Three different cases have been simulated, all using H-
terminated mirrors: a bare cavity without diamond, a cavity in an air-con�ned mode,
and a cavity in a diamond-con�ned mode, with parameters chosen such that the total
cavity length including the mirrors is similar. The diamond is positioned on the bottom
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Figure 2.17.:Simulated DBR transmission. A layer pair consists of a l /4-thick layer of SiO 2 (nL)
and a l /4-thick layer of Ta 2O5 (nH ). (a) Transmission of a bare DBR, for an H-terminated stack
of 15 layer pairs, an L-terminated stack of 15 layer pairs, and an H-terminated stack of 11 layer
pairs. (b) Transmission of a DBR with diamond on top, for an H-terminated stack of 15 layer
pairs with a diamond thickness (1.98 µm) giving an air-con�ned mode, the same DBR but with a
diamond thickness (1.92 µm) giving a diamond-con�ned mode, as well as for the same two cases
but with L-terminated stacks (with a diamond thickness of 1.92 and 1.98 µm for the air-con�ned
and diamond-con�ned mode, respectively).

DBR.
The simulation illustrates some important differences in the electric �eld distribution

between air- and diamond-con�ned modes. In an air-con�ned mode (Fig. 2.18b), the �eld
has a node at the diamond-air interface, which makes such a con�guration less sensitive
to scattering losses at the diamond-air interface. A diamond-con�ned mode (Fig. 2.18c),
on the other hand, has a �eld antinode at the diamond-air interface. The location of the
�eld antinodes also affects the optimal placement of the emitter. For maximal NV-cavity
coupling strengths, an NV needs to be located at a distance corresponding to l /4 ( l /2)
from the bottom DBR in the case of H-terminated (L-terminated) mirrors 264.

The transfer matrix method can be used to extract the location and width of the cavity
resonances, giving the Q-factor and photon loss rate according to Eq. (2.35). The photon
loss ratektop through the top mirror can then be extracted through

ktop = k �
Ttop

Ttop + Tbottom+ L
(2.62)

where Ttop/ bottom is the transmission of the top and bottom mirror, respectively, and L
represents the losses in the cavity not related to the transmission of photons through ei-
ther of its mirrors. Such losses mainly stem from scattering and absorption losses related
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Figure 2.18.: Example vacuum electric �eld distribution for a cavity with H-terminated mirrors.
(a) Field distribution in a bare cavity. (b) Field distribution in an air-con�ned mode, with a dia-
mond thickness of 1.98 µm. The maximum �eld strength is found within the airgap and there is a
�eld node at the air-diamond interface. (c) Field distribution in a diamond-con�ned mode, with
a diamond thickness of 1.92 µm. There is a �eld antinode at the air-diamond interface. The red
dashed lines indicates the optimal location of an NV for achieving the maximal coupling strength.

to the diamond, but can also arise due to coupling of fundamental cavity modes with
higher-order transverse modes147,265.

From ktop, the outcoupling ef�ciency through the top mirror can be derived:

hout =
ktop

k + g
, (2.63)

as well as the total ef�ciency of the system, which is given by the fraction of photons
emitted into the cavity mode and the ef�ciency with which photons are coupled out of
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the cavity:266

htot = b � hout. (2.64)

Using the de�nition in Eq. (2.52), this can be expanded as

htot =
4g2

0/ (kg)
4g2

0/ (kg) + 1
�

ktop

k + g
, (2.65)

which for ktop � k and k � g can be approximated as

htot �
C

1 + C
. (2.66)

This means that the total ef�ciency of the system converges to 1 for high cooperativities.
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LASER WRITING OF NV S IN DIAMOND

USING A SOLID -IMMERSION LENS

The content of this chapter is partially adapted from:
V. Yurgens, J. A. Zuber, S. Flågan, M. De Luca, B. J. Shields, I. Zardo, P. Maletinsky, R. J.
Warburton, and T. Jakubczyk. Low-charge-noise nitrogen-vacancy centers in diamond
created using laser writing with a solid-immersion lens . ACS Photonics8, 1726–1734
(2021).

3.1 Summary

Laser writing of NVs in diamond has recently emerged as a reliable method to create
emitters with long charge-state stability at desired locations within the material. We re-
port on pulsed-laser induced generation of NVs in diamond facilitated by a SIL. The SIL
enables laser writing at energies as low as 5.8 nJ per pulse and allows vacancies to be
formed close to a diamond surface without inducing surface graphitization. We operate
in the previously unexplored regime where lattice vacancies are created following tunnel-
ing breakdown rather than multi-photon ionization. We present three samples in which
NV-center arrays were laser-written at distances between � 1 µm and 40 µm from a di-
amond surface, all presenting narrow distributions of optical linewidths with medians
between 51.2 MHz and 58.3 MHz. The linewidths include the effect of long-term spec-
tral diffusion induced by a 532 nm repump laser for charge-state stabilization, thereby
emphasizing the particularly low charge-noise environment of the created color centers.
We propose a model for disentangling power broadening from inhomogeneous broaden-
ing in the NV optical linewidth. We furthermore demonstrate that the laser-written NVs
exhibit low transverse strain levels and low spin-�ip rates at zero magnetic �eld, and
measure narrow extrinsically broadened NV linewidths even in an etched 6 µm thick
diamond membrane. Such high-quality NVs are excellent candidates for practical appli-
cations employing two-mode quantum interference with separate NVs.
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3.2 Introduction

The negatively charged NV in diamond is among the most promising solid-state im-
plementations of a quantum bit 150,267. However, long-distance quantum communica-
tion links based on NVs 11,12,54all suffer from the low generation rate of indistinguish-
able photons from each emitter. A way to radically enhance this rate is to use an open
Fabry-Perot microcavity 60–64, which requires only minimally invasive fabrication of the
diamond, thinning it down to a few-micron thick membrane 58,147,268–270. However, even
such minimal processing has so far resulted in degradation of the NVs' optical quality,
manifested in a large spectral diffusion due to charge noise 58,128. Methods of NV cre-
ation that do not result in the formation of parasitic defects and impurities are therefore
desired.

The creation of an NV typically involves displacing a carbon atom from its lattice site
to create a vacancy. While proximity to the surface is required for photonic applications,
it is at the same time desirable to form the NVs at a depth of at least tens of nanometers in
order to minimize the impact of the surface charge- and magnetic-noise on the NVs' spin-
and optical coherence. The challenge is therefore to provide the required energy inside
the crystal lattice. Electrons or ions with kinetic energies far above keVs readily provide
this energy271, but most of it is released via collisions on the particles' trajectory, leav-
ing extended damage and presumably hard-to-anneal vacancy complexes. Nitrogen-ion
implantation followed by high-temperature annealing 108 has been shown to create NV
populations where approximately half of the NVs show spectral diffusion above a few
GHz127,130. In addition, NVs formed from implanted nitrogen have on average poorer
optical quality than their counterparts formed from the native nitrogen, suggesting that
vicinity to the fabrication-related damage plays a crucial role for the spectral diffusion.

Laser writing has emerged as a promising technique for creating deterministically po-
sitioned NVs in diamond. By irradiating a diamond sample with single high-energy
femtosecond pulses and subsequently performing a thermal annealing step, NVs can
be formed from the laser-induced lattice vacancies and diamond-native nitrogen. NVs
created through laser writing in ultrapure diamond are characterized by long spin co-
herence times, low spectral noise and high charge stability 49. Crucially, their fabrication
induces minimum damage to the diamond lattice, potentially reducing the charge noise
in thin diamond membranes. Initial studies demonstrated laser writing of NVs using an
oil-immersion lens in combination with wavefront correction 49,227.

3.3 Experimental setup

Here, we report a different approach employing a standard air objective together with
a SIL, giving a high NA together with minimized aberrations and a diffraction-limited
laser focal volume inside diamond. This technique not only enables creation of NVs with
low pulse energies, but also makes it possible to laser-write in close proximity to the
diamond surface, owing to the decreased laser intensity at the diamond-air interface.
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3.3.1 Solid immersion lens

We use a truncated hemispherical cubic zirconia SIL (t-SIL) with a refractive index of n =
2.14. Figure 3.1 shows the spherical aberrations introduced at an air-diamond interface
with and without such a SIL. A SIL results in a higher total focusing NA, but depending
on the wanted depth of writing, the refractive index of the material and the wavelength
of the focused light, it does not always provide an advantage over focusing the light
directly into the material.

By using geometrical optics (ray tracing), the distortion of the focus due to spherical
aberrations can be simulated. Figure 3.2 compares the dimensions of the focus when
using a cubic zirconia t-SIL to using no SIL. A t-SIL truncation of 30 µm, laser wavelength
of 800 nm and external focusing NA of 0.9 has been assumed. Details of the derivation
can be found in Section A. It is clear that the t-SIL provides an advantage in terms of the
focal spread along the optical axis (Dz), while focusing without a SIL actually leads to
a tighter lateral focus ( Dx) for laser writing depths above a few µm. For this NA, and
for writing deeper than 35 µm, the t-SIL results in a larger focal volume (V) compared to
using no SIL, while performing similarly for shallower writing depths.

The situation looks quite different for a focusing NA of 0.6, as seen in Fig. 3.3. There,
the focal spread both along and across the optical axis is reduced with a t-SIL, for focusing
deeper than a few µm. In the case of shallow writing, a large enough DzFWHM could lead
to surface graphitization before vacancy creation within the diamond. In the limit that
the t-SIL is made of diamond, spherical-aberration-free imaging is achieved at a depth
d which matches the truncation t. Furthermore, the diffraction limit reduces simply be-
cause the relevant wavelength is the wavelength in the diamond, l / n. For NA = 0.6,
DzFWHM reduces to 1.6 µm (Eq. (2.21)). These considerations suggest that vacancy cre-
ation is possible at depths starting at about 2 µm from the diamond surface. In practice,

Figure 3.1.:Geometrical optics simulation of focusing light from air into diamond 272. (a) Spherical
aberration for rays passing from air (left) to diamond (right) without corrective optics. Dx is the
in-plane focal spread and Dz is the focal spread along the optical axis; d is the distance from the
point of minimum Dx to the diamond surface. (b) Spherical aberration for rays passing from air
to diamond through a truncated hemispherical solid-immersion lens (t-SIL).
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Figure 3.2.: Simulated focal spread and focal volume inside diamond for a focusing NA of 0.9
and wavelength of 800 nm. (a) Calculated focal spread in-plane (dashed lines, Dx) and along the
optical axis (solid lines, Dz) with and without a t-SIL on passing through an air-diamond interface,
as a function of the focusing depth d. The t-SIL provides an advantage in terms of the extent of
the focus along the optical axis. (b) Focal volume, calculated as (Dx)2Dz/2 following Eq. (A.10),
versus d with and without a t-SIL. The t-SIL provides no clear advantage over focusing directly
into the diamond. The diffraction limit, calculated using Eqs. (2.18) and (2.19), is indicated by a
gray dashed line and corresponds to 0.2 µm3 for the given experimental conditions.

the t-SIL has a slightly lower refractive index than diamond and it is impractical to use a
different t-SIL for each depth. Our simulations nevertheless show that a t-SIL gives good

Figure 3.3.: Simulated focal spread and focal volume inside diamond for a focusing NA of 0.6
and wavelength of 800 nm. (a) Calculated focal spread in-plane (dashed lines, Dx) and along the
optical axis (solid lines, Dz) with and without a t-SIL on passing through an air-diamond interface,
as a function of the focusing depth d. The t-SIL provides an advantage in terms of the extent of the
focus both along and across the optical axis. (b) Focal volume, calculated as(Dx)2Dz/2 following
Eq. (A.10), versusd with and without a t-SIL. The t-SIL provides a clear advantage over focusing
directly into the diamond. The diffraction limit, calculated using Eqs. (2.18) and (2.19), is indicated
by a gray dashed line and corresponds to 0.8 µm3 for the given experimental conditions.
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Figure 3.4.: Exposed area on the diamond surface for different focusing NAs. (a) Exposed area
on the diamond surface for a focusing NA of 0.6. (b) Exposed area on the diamond surface for
a focusing NA of 0.9. In both (a) and (b), there is a clear advantage of using a SIL to protect the
diamond surface from graphitization.

imaging out to a depth up to 50 µm.
A crucial factor to consider is that the energy of the laser pulses required to create

vacancies in bulk diamond typically exceeds the threshold at which the diamond surface
is degraded49,138,273. Creating vacancies in bulk diamond with laser writing is therefore
only possible if the laser focus is spread over a signi�cant area at the surface. Fig. 3.4
compares the exposed area on the surface for focusing 800 nm light with and without a
t-SIL with a truncation of 30 µm. In Fig. 3.4a, the NA is 0.6; in Fig. 3.4b, the NA is 0.9. It
is clear that the t-SIL presents an advantage in both cases, leading to a reduced intensity
on the surface.

We can conclude that for an NA of � 0.6 and the mentioned writing speci�cations, a t-
SIL both improves the quality of the focus and reduces the intensity at the surface. A way
to gain the advantages provided by an NA of 0.6 using a NA=0.9 objective is to reduce
the contribution of high-angle rays by under�lling the back aperture of the objective.

A further advantage of the t-SIL is that it improves the photon collection ef�ciency and
thereby the sensitivity to the weak signals emitted by the created vacancies. It does so by
reducing the number of photons lost due to total internal re�ection at the diamond-air
interface251,253,274. Moreover, the implementation of a t-SIL is both cost-effective and eas-
ily implemented. A limitation is perhaps the writing area – excellent imaging is achieved
only close to the center of the t-SIL. However, a writing area of approximately 25-by-
25 µm2 is available for a t-SIL with a diameter of 1 mm, suf�ciently large for our purposes.

Figure 3.5 shows one of the cubic zirconia t-SILs used in this work (radius 500 µm, trun-
cation between 0 and 50 µm). In Fig. 3.5a and Fig. 3.5b, scratches on the planar interface
of the SIL are visible; for optimal writing performance, these are removed by using a
polishing suspension containing 50 nm-sized alumina particles. Movements of the SIL
on the diamond between exposures is done by means of a thin glass capillary (Fig. 3.5c).
In order to reduce aberrations resulting from imperfections at the diamond-SIL inter-
face, the t-SILs are placed on the diamond samples together with an index-matching gel
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Figure 3.5.: The solid immersion lens. (a) A cubic zirconia t-SIL. (b) Optical image illustrating
scratches on the �at surface of the t-SIL. (c) Moving a t-SIL on a diamond sample by means of a
thin glass capillary.

(Thorlabs, G608N3).

3.3.2 Laser-writing setup

We perform laser writing in a room temperature home-built confocal microscope with
a separate injection path for the femtosecond pulsed laser (Fig. 3.6). A 532 nm Nd:YAG
laser is used for non-resonant (532 nm) excitation of the vacancies and NVs. Photolumi-
nescence (PL) is �ltered by a longpass �lter (Semrock, 594 nm RazorEdge) and collected
either by an avalanche photodiode (APD, Excelitas, SPCM-AQRH-15-FC) or a liquid
nitrogen-cooled CCD camera coupled to a grating spectrometer (Princeton Instruments).
The setup further allows for white-light illumination and CCD-imaging of the sample.

We use a Spectra Physics Spirit 1030-70 femtosecond ytterbium-doped �ber laser to-
gether with a Spirit-NOPA-2H non-collinear optical parametric ampli�er, which together
create pulses at a wavelength of 800 nm with a duration of approximately 35 fs. A half-
wave plate and a Brewster-angle polarizer (BAP) is used for tuning the pulse energies.
We focus the laser with a standard air objective (Olympus, MPLFLN100x, NA=0.9 or
Olympus, LCPLFLN100xLCD, NA=0.85) through a t-SIL. The resulting NA including
the effect of the t-SIL is about 1.8, slightly higher than what was used by Ref. 49. We note
however that the full-width-at-half-maximum (FWHM) of the beam is about the same as
the input aperture of the objective, reducing the contribution of the rays at the highest
angle and giving us the advantages mentioned in Section 3.3.1.

We determine the performance of the optical setup including the t-SIL by confocal
imaging of the emission from single, preexisting, shallow NVs, obtaining a lateral FWHM
of a single bright spot of 125 � 3 nm. This value is just above the theoretical minimum of
121.1 nm, as given by 0.52

NA
l 1l 2p
l 2

1+ l 2
2

for the confocal con�guration (using l 1 = 532 nm and

l 2 = 700 nm for the excitation and main NV phonon-sideband (PSB) emission wave-
length, respectively, and taking NA = 0.85� 2.14). This close agreement between the
measured spot size and the diffraction limit demonstrates that the optical components,
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