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没有硝烟弥漫。 All of my confusion touches down before the rise of the dawn
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Summary

In modern-day research, magnetometry provides valuable information for a wide
range of studies. Among all the different forms of magnetometers, the nitrogen-
vacancy (NV) lattice defect in diamond has emerged as a powerful magnetic field
sensor thanks to the combination of sensitivity, spatial resolution and versatile
capabilities. High-fidelity microwave control and optical readout of the NV spin
over a wide range of conditions has enabled applications in condensed matter
physics, chemistry, biology, geoscience and many more. In particular, its capability
of visualizing magnetic phenomena with high spatial resolution has proven to be a
powerful tool in both fundamental physics and applied sciences. Advances in NV
magnetometry in the past decade have led to numerous breakthroughs, especially in
revealing the nanoscale physics of condensed matter systems.

However, the free-space optics generally used for optical interrogation of the NV
spins are challenging to realize in cryogenic, intra-cellular, or other hard-to-reach
environments. As such, realizing robust all-fiber-based NV probes with efficient
optical readout could enable new measurements in low-temperature (quantum) or
biological systems.

Therefore in this thesis, we tackle this challenge by developing a fiber-based
scanning-probe NV magnetometer, consisting of a tapered diamond nanobeam that
is optically coupled to, and manipulated with, a tapered optical fiber. In chapter 1,
we start by introducing the concept of magnetometry and NV magnetometers, and
explaining how the fiber-coupled diamond nanobeam can be a feasible solution
towards NV measurements in hard-to-reach environments. To further elaborate
and motivate this project, in chapter 2 we explain in detail the theoretical and
experimental foundations of NV magnetometry, as well as the working principle of a
scanning-probe magnetometer with fiber-coupled diamond nanobeams.

Chapters 3 and 4 focus on the process of making these fiber-coupled diamond
nanobeam probes. In chapter 3, we describe the process of fabricating NV-hosting
diamond nanobeams out of a single-crystal bulk diamond. This process is divided
into two parts: the creation of nanobeams using a recipe based on the reactive ion
etching (RIE) of diamond, and the creation of NV centers within the nanobeams
using ion implantation. For the latter, we show that the NV centers can be
deterministically created at the beam tip through angled ion implantation. Then
in chapter 4, we demonstrate the approach to couple the fabricated diamond
nanobeams to tapered fibers. We first show that it is possible to directly use the
tapered fiber to break the nanobeams off the diamond substrate and achieve optical
coupling in the same step. Then we demonstrate an improved workflow using
optical glue to robustly couple the fiber and the nanobeam with optimized optical
coupling efficiency.

ix



x Summary

Throughout the course of the project, two types of fiber-coupled nanobeams have
been developed. The “homogeneous-NV” probes consist of diamond nanobeams
with ensemble NVs distributed homogeneously along the entire nanobeam, and
the nanobeams are coupled to the tapered fibers through direct fiber break-off.
The “tip-NV” probes consists of deterministically implanted NVs at the tip of the
nanobeams, and the nanobeams are glued to tapered fibers. Chapters 5 and 6
then discuss the characterization and application of these probes. Specifically, in
chapter 5 we demonstrate the through-fiber readout of NV photoluminescence and
estimate the coupling efficiencies at the fiber-nanobeam interface for both types of
probes. In chapter 6 we implement our two generations of devices in proof-of-
principle magnetic imaging measurements. With the homogeneous-NV probes, we
image the spin waves in a thin magnet in one dimension, and with the tip-NV
probes we demonstrate 2D scanning-probe operation and image the magnetic field
profile of a micron-scale current-carrying wire.

Towards the goal of eventually realizing nanoscale imaging at low temperature,
we discuss in chapter 7 some of the directions for future effort. We discuss the
possibilities and challenges towards single-NV magnetometry with the diamond
nanobeams, possible configurations of nanoscale lift-height control via integration
into tuning fork atomic force microscope structure, challenges on the sidewall
roughness, as well as the sensing capabilities of group-IV color centers.
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Now we’ll know,
Now you’ll know what I am telling.

All alright · Sigur Rós
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2 1. Introduction

As can be inferred from the title, this thesis is about a very specific form of
magnetometer: a device that measures the magnetic field. Long before even
establishing any knowledge of what the magnetic field actually is, the history of
magnetometers already started when the earliest form of a compass (sinan, “the
governor of the south”) was invented in ancient China around 2,000 years ago [1].
Built with a piece of magnetized lodestone, such a device can align itself with
the earth’s magnetic field, thereby “measuring” its orientation. In the 2,000 years
that follow, development in science and technology has enabled people to build
magnetometers in vastly different forms [2, 3], and precisely measure magnetic fields
that are ∼10,000,000,000 times weaker than the earth’s magnetic field [4, 5].

The motivation of devoting such effort to measuring the magnetic field is usually
the rich information that can be encoded in the magnetic field, rather than its exact
value per se. In the case of the compass, that “information” is the geographical
orientation associated with the earth’s magnetic field. In modern-day research,
magnetometry provides valuable information for a wide range of studies, including
the history of rock formation [6], neuron activities in the brain [7], properties of
astrophysical bodies [8], nanoscale condensed matter physics [9] and much more.

It is also the extremely wide range of application that gives rise to all the different
forms of magnetometers, each developed and optimized for the specific environment
of their intended application. Again taking the compass as an example, to function as
a navigation tool for travellers, it needs to be a portable device that can measure the
orientation of the earth’s magnetic field under room temperature and atmospheric
pressure. Therefore for this specific application, a 2-euro pocket compass is the
better choice over a state-of-the-art superconducting quantum interference device
(SQUID) [10] which works only at cryogenic temperatures, despite the latter being
10,000,000,000 times more sensitive.

The goal of this thesis is essentially under the same spirit: we aim to develop a
magnetometer that is optimal for a specific working condition. Our fiber-coupled
diamond nanobeam magnetometer aims to provide a solution for high-sensitivity,
high-spatial-resolution magnetic field sensing in hard-to-reach environments, and
facilitate the studies in e.g low-temperature quantum physics, in-cell biomagnetic
phenomena and so on. The motivation of developing such devices will be elaborated
in the following sections.

1.1. Nitrogen-vacancy centers as scanning-probe
magnetometers

The magnetometer we aim to develop in this thesis is based on the nitrogen-vacancy
(NV) center. This is an atomic structure that naturally exists in diamond, where two
adjacent carbon atoms in the diamond lattice are replaced by a nitrogen atom and a
lattice vacancy (fig. 1.1(a)). NV centers have been extensively studied since almost
50 years ago [11], and have nowadays become a well-established building block for
quantum information processing [12–14] and quantum sensing [15–18].

Among all its applications, the NV center can function as a magnetometer due to
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Figure 1.1 - Scanning-probe magnetometry with NV centers. (a) Atomic structure of
an NV center in diamond. The nitrogen atom is colored in red and the
surrounding carbon lattice in grey. (b) Schematics of a scanning-probe
NV magnetometer. A single NV is placed at the apex of a diamond
tip-on-cantilever structure, and is scanned across the target sample
with the tip-sample distance controlled by a tuning-fork atomic force
microscope (AFM) structure. The optical access to the NV center is
provided by free-space optics.

the interaction between its intrinsic magnetic moment and the external magnetic
field (known as the Zeeman interaction). Such interaction encodes the information
of the external magnetic field in the transition frequencies between the NV center’s
quantum states. These transition frequencies can be read out optically via the
light emission of the NV center upon laser excitation (“photoluminescence”), thereby
allowing the optical readout of the magnetic field.

Since their first experimental demonstration [19, 20], NV magnetometers have
found a wide range of applications thanks to their remarkable versatility. They can
operate from (above) room temperature down to sub-kelvin cryogenic conditions
[21–23], from vacuum to ambient conditions to extreme high-pressure environments
[24], and in vastly different configurations from macroscopic endoscopes [25] to
fluorescent nanocrystals injected into living cells [26].

And NV magnetometers are particularly interesting for physicists because of their
capability of high-resolution magnetic imaging: Because they are atomic in size,
the spatial profile of the external magnetic field can in principle be resolved and
mapped out also with atomic resolution. This makes the NV center a powerful
tool for studying condensed matter systems, where interesting physics happen
on nanometer or even shorter length scales. Valuable insight on e.g. current
distribution, magnetic domain structures and magnetic excitations can be extracted
from the spatial profile of their associated magnetic field [9]. In the past decade,
advances in NV magnetometry have led to numerous breakthroughs in revealing the
nanoscale physics of condensed matter systems [27–30].
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Yet you might have noticed the discrepancy in the choice of words, between the
promised “atomic” spatial resolution and the “nanoscale” that is actually achievable.
This is because the sensor size is not the only experimental factor that determines the
spatial resolution. Especially for the previously mentioned application in condensed
matter physics, we are ultimately interested in resolving the (electro-)magnetic
phenomena within the studied sample with high resolution. And this is only possible
if the magnetometer is in sufficiently close proximity to the sample. Therefore, the
experimental limit of an NV magnetometer’s spatial resolution in such measurements
is actually set by the minimal NV-sample distance.

For exactly this reason, scanning-probe NV magnetometers have been proposed
[31] and realized [32] to perform magnetic imaging with minimized NV-sample
distance. This is achieved by embedding a single NV center at the apex of
a nano-fabricated diamond tip that is sub-micron in size (fig. 1.1(b)). Precise
mechanical control over the tip position allows the tip to be placed and scanned
above the sample in nanometer proximity, thereby realizing nanoscale magnetic
imaging with the NV center.

Like every technique, however, the scanning-probe NV magnetometer also has its
constraints in terms of application. One aspect of the constraints is the optical
access: As briefly mentioned previously, the NV center needs to be addressed
and read out optically. In the scanning-probe scheme, this is achieved by using
a microscope objective to focus a laser beam onto the NV center and collect its
photoluminescence emission (fig. 1.1(b)). Yet having a microscope objective in the
(usually sub-millimeter) vicinity of the probe and sample as well as directing a
free-space laser beam onto the probe can be challenging in certain environments.
Examples include low-temperature dilution refrigerators [33], inside biological tissues
and so on. While these environments are hard for conventional NV magnetometers
to reach, NV magnetometry can still provide valuable information if there is a way
to implement it.

1.2. Towards a fiber-based NV scanning-probe
One possible way to overcome this challenge is to instead guide the excitation
laser light and the NV photoluminescence with optical fibers. This way, the
implementation of NV magnetometry in previously mentioned environments can be
facilitated by the flexibility of optical fibers, and the absence of free-space optical
components in the vicinity of the sample.

Towards this goal, fiber-based NV magnetometers have been developed in various
forms [25, 34, 35]. These devices consist of an NV-hosting diamond crystal fixed
to one end of the optical fiber, allowing through-fiber excitation and readout of
the NV centers. However, most of the existing fiber-based NV magnetometers are
intended for magnetic characterization on a larger scale, and a similar solution for
scanning-probe NV measurements on the nanoscale is not yet existent.

Therefore, the goal of this thesis is to tackle this exact challenge, by developing
and demonstrating the fiber-coupled diamond nanobeam scanning-probe, illustrated
in fig. 1.2.
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Figure 1.2 - Schematics of a fiber-coupled diamond nanobeam scanning magne-
tometer. An ensemble of NVs or a single NV is placed near the end
facet of a diamond nanobeam, and is addressed through the tapered
fiber interface. The target sample is mounted on a (nano-)positioner
realize scanning-probe magnetic imaging.

Here, our NV-hosting diamond is fabricated into a “nanobeam” shape, the prefix
“nano” referring to its sub-micron-sized cross section. The diamond nanobeam has
a tapered profile and is coupled to an optical fiber that is also tapered at the end.
This so called “adiabatic coupling” structure, widely used in nanophotonics as a
fiber-coupling interface, ensures the efficient transfer of light signal via a gradual
transition between the fiber and the diamond nanobeam [36–38]. With a natural
scanning-probe geometry, the fiber-coupled diamond nanobeams hold the potential
to realize nanoscale magnetic imaging in a similar way as the existing diamond tip
solution, with enhanced accessibility to hard-to-reach environments provided by the
all-fiber optical interface.

As physicists, our long-term motivation for developing the diamond nanobeam
scanning-probe is, among all its potential applications, to facilitate NV magnetometry
in the study of low-temperature physics on the nanoscale. This is where many
interesting quantum phenomena - quantum Hall effect, superconductivity, quantum
phase transitions, to name a few - take place [39, 40]. Compared to the low
temperature implementation of existing scanning-probe NV magnetometers [23, 41,
42], the fiber-coupled diamond nanobeams could benefit from reduced heat load and
easier alignment. Furthermore, towards even lower temperatures in the millikelvin
regime where NV centers themselves tend to fail, the fiber-coupled diamond
nanobeams could still be an excellent platform for exploring the sensing potential for
group-IV color centers in diamond (e.g. the silicon-vacancy or tin-vacancy centers)
that are more stable at these temperatures [43–45].
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1.3. Thesis outline
This thesis focuses on the efforts of bringing fiber-coupled diamond nanobeam
scanning-probes into reality. Instead of a compilation of my work during the PhD
period, it is rather intended as a handbook for anyone who wishes to learn about
or work on fiber-coupled diamond nanobeams. As such, its chapters are divided
according to the different steps throughout the development and demonstration of
these probes, and organized in their logical order.

Specifically, we start in chapter 2 by reviewing the theoretical foundations of this
work. We will discuss the structure of NV centers in diamond, and how they can
be used to accurately measure the magnetic field. We will also give a brief overview
of the existing experimental configurations of NV magnetometry, from which we
motivate the necessity to develop a fiber-based, scanning-probe NV magnetometer.

Starting from chapter 3, we dive into the experimental details of realizing the
fiber-coupled diamond nanobeam probes. In this chapter, we go through the
nanofabrication workflow of the diamond nanobeams. We fabricate free-hanging
nanobeams from a single-crystal bulk diamond based on reactive ion etching, and
show that the NV centers can be deterministically created at the beam tip through
angled ion implantation.

Chapter 4 focuses on the process of coupling the fabricated nanobeam to the
optical fibers. Two methods will be discussed: We first show that it is possible to
directly use the tapered fiber to break the nanobeams off the diamond substrate, and
achieve optical coupling in the same step. To increase the robustness of the assembly
and rule out the randomness involved in the previous process, we then demonstrate
the assembly workflow using optical glue. Using this approach, we realize a robust
and transportable fiber-nanobeam probe with optimized optical coupling.

As a result of workflow evolution both in nanobeam fabrication and fiber coupling
procedure, two generations of fiber-coupled diamond nanobeam probes have been
developed through the course of the project: the first generation, “homogeneous-NV”
probes consists of nanobeams with ensemble NVs distributed along the entire
nanobeams and coupled through direct fiber break-off, and the second generation,
“tip-NV” probes with deterministically implanted NVs at beam tip, and robustly
glued to tapered fibers. In chapter 5, we demonstrate the through-fiber readout of
NV photoluminescence for both generations, and estimate the coupling efficiencies
at the fiber-nanobeam interface.

Then in chapter 6, we implement our two generations of devices in proof-of-
principle magnetic imaging measurements. We show that we can image the spin
waves in a thin magnet in one dimension, using the homogeneous-NV nanobeams
as scanning probes. And with the tip-NV probes, we demonstrate 2D scanning-probe
operation in sub-micron proximity to the sample surface, and image the magnetic
field profile of a micron-scale current-carrying wire. We conclude this thesis in
chapter 7, where we also discuss possible future efforts towards a fiber-based
magnetometer at low temperature and with nanoscale spatial resolution.
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2
Nitrogen-vacancy centers in diamond:

Theory and application

This particular diamond
was extra special.

Everglow · Coldplay

Abstract
In this chapter, we discuss the basic properties of NV centers. Section 2.1 explains
the atomic and electronic structure of NV centers in diamond, and introduces the
electron spin resonance (ESR) measurement, which will be used to characterize the
NV centers experimentally throughout the entire thesis. Section 2.2 discusses the
principles of NV magnetometry based on the Zeeman splitting of NV spin states,
followed by a brief discussion on the methods to implement NV magnetometry
experimentally in section 2.3. Based on this discussion, in section 2.4 we motivate
fiber-based NV magnetometry, and introduce the concept of fiber-coupled diamond
nanobeams. We explain how such a configuration can function as an all-fiber
scanning probe magnetometer, and facilitate high spatial resolution magnetometry
measurements in hard-to-reach environments.
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Introduction
The central goal of this thesis is to develop a fiber-based, scanning-probe
magnetometer using nitrogen-vacancy (NV) centers in diamond nanobeams. The
aim of this chapter is then to explain how such a magnetometer works, and justify
why we need it. In sections 2.1 and 2.2, we formulate the theoretical foundation of
this thesis: How we can measure the external magnetic field via the electron-spin
resonance of NV centers. Based on this, we discuss in section 2.3 the strengths
and limitations of existing experimental methods of NV magnetometry, and motivate
fiber-based scanning-NV magnetometry in section 2.4 based on the discussion.

2.1. Nitrogen-vacancy centers in diamond
The magnetic field sensing capabilities of the NV center are a result of its electronic
properties. Therefore to formulate an understanding of the latter, in this section
we start by explaining the electron configuration of an NV center, and how this
configuration leads to its well-known spin-1 behavior (eq. (2.3)). This provides the
basis for understanding the subsequent discussion on state dynamics of the NV
center, and the physics of NV magnetic sensing.

2.1.1. The NV− ground state

The nitrogen-vacancy (NV) center in diamond consists of a nitrogen atom replacing
the carbon atom in the diamond lattice, and a lattice vacancy in its adjacent site
(fig. 2.1(a)). Specifically, most applications of NV centers are based on the negatively
charged NV center noted as NV−. Throughout this thesis, the term “NV center” will
be referring to NV−, apart from where the effect of the neutral NV0 charge state is
explicitly studied.

The NV− center consists of 6 electrons in total: 3 from the dangling bonds of
the 3 carbon atoms adjacent to the vacancy, 2 from the dangling bonds of the
nitrogen atom, and 1 extra captured from the lattice, resulting in a net charge of
-1e. Theoretical analysis [1–3] shows that the ground state of this six-electron system
consists of 4 electrons paired up in the two a1 orbitals and 2 unpaired electron in
separate ex,y orbitals (fig. 2.1(b)), forming a spin-1 system.

In the absence of external interrogation (electric/magnetic field, nearby
charges/spins, etc.), the NV ground state is dominated by the dipolar spin-spin
interaction between the 2 unpaired electrons. Based on this, the NV ground state
Hamiltonian can be determined following the approach in Ivády et al. [4], which we
briefly elaborate as follows.

The spin-spin interaction can be expressed in the standard form of magnetic
dipolar interaction

HGS

h
=−µ0

4π

γ2

r 3 (3(s1 · r̂)(s2 · r̂)−s1 ·s2) , (2.1)

where s1, s2 are the spin-1/2 operators for the two spins, r denotes their distance
with r = |r|, r̂ = r/r , µ0 is the vacuum permeability and γ= gµB /h = 28GHz/T is the
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Figure 2.1 - NV center in diamond. (a) Atomic structure of the NV center. The
nitrogen atom is colored in red and the surrounding carbon lattice
in grey. (b) Simplified electronic structure of the NV center. The
single-electron orbitals and their energy levels with respect to the
diamond band gap are plotted, together with the occupation of electrons
for the ground state of NV−. Directions of the arrows indicate spin
up/down. The unpaired spins in the ex,y orbitals give rise to the spin-1
behavior of NV−. Notation of the orbitals follows ref.[1].

electron gyromagnetic ratio, with g ≈ 2 being the electron Landé factor, h the Planck
constant and µB the Bohr magneton. We note that strictly speaking, here the Landé
factor should take the value of electrons in the NV center instead of free electrons,
yet it’s been experimentally demonstrated [5] that these two values are sufficiently
close for us to neglect this difference in the rest of this thesis.

This Hamiltonian can be transformed from the basis of two separate spins
|s1,ms,1; s2,ms,2〉 into the basis of the total spin |S,mS〉, and be written in the general
form of

HGS

h
= ST D̂S. (2.2)

Here the total spin operator S = s1+s2 = (Sx ,Sy ,Sz ) becomes a spin-1 operator, in the
form of 3×3 Pauli matrices. The specific matrix elements of the zero-field splitting
(ZFS) tensor D̂ represent the expectation values of the dipolar energy, and can be
determined via the formalism elaborated in refs. [6, 7]. Under the C3v symmetry of
the NV center, the general Hamiltonian can be simplified down to

HGS

h
= D

(
S2

z −
2

3

)
, (2.3)

where the quantization axis z aligns with the C3 rotation axis, i.e. the N→V axis, and
the ZFS tensor reduces to the ZFS constant D .

Equation (2.3) pictures the spin-triplet structure of the NV ground state, consisting
of the energy-degenerate |mS =±1〉 states and the |mS = 0〉 state lower in energy by
D = 2.87GHz (determined experimentally).
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2.1.2. State dynamics and spin-dependent photoluminescence of NV−

The optical excitation and subsequent spin-dependent photoluminescence of NV
centers lies at the heart of their applications. In this section, we will discuss the
state dynamics of NV centers under optical excitation, and the principles of electron
spin resonance (ESR) measurements.

mS = 0

mS = ±1

Microwave drive 
frequencyMetastable 

states

Ground 
State

Excited 
State

Photoluminescence
PL0PL

fESR

mS = 0

mS = ±1

Figure 2.2 - Energy level diagram and electron spin resonance (ESR) measurement
of the NV center. The green arrow represents off-resonant excitation,
and subsequent photoluminescence is denoted in red arrows with the
thickness indicating the intensity difference between |mS = ±1〉 states
and |mS = 0〉 state. Grey dashed arrows denote the non-radiative
transitions to/from the metastable states. The right part of the figure
plots the response of NV photoluminescence when microwave drive is
frequency-swept near the |mS = 0〉→ |mS =±1〉 transition.

From the ground state triplet, the optical excitation of NV centers is often
achieved off-resonantly with a green laser (usually 520 or 532 nm) in experiments. At
single-electron level, the excitation process corresponds to one electron in the a1(2)
orbital (fig. 2.1) being optically excited to one of the ex,y orbitals [8]. The choice of
green laser excitation is a consideration balancing the wavelength dependence of
excitation efficiency and (unwanted) photo-induced ionization rate [9].

At room temperature, the first excited state of the NV center can also be
approximated as a spin-triplet [10], depicted in fig. 2.2. One important property
of the optical transitions between the ground state and the first excited state is
that they do not flip the spin, i.e. the quantum number mS is preserved. As a
result, optical excitation-decay cycle should not change the population over spin
states (Even in presence of vibrational interactions [11]). However, there also
exists an alternative decay path through the metastable states (Corresponding to
the six electrons occupying the single-electron orbitals in a different configuration
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compared to fig. 2.1 [1]). The non-radiative and non-spin-preserving transition
|mS = ±1〉 → |mS = 0〉, indicated by the dashed grey arrows in fig. 2.2, is then
made possible via these metastable states as a result of spin-orbit interaction
[11]. Furthermore, the |mS = ±1〉 states have a higher probability of decaying
through the metastable states compared to |mS = 0〉, and are therefore lower in
photoluminescence intensity upon continuous excitation (hence being referred to as
the “dark states”).

The above mentioned state dynamics yield two consequences. Firstly, the presence
of the |mS =±1〉→ |mS = 0〉 transition and the absence of the reverse process result
in the optical pumping effect: Under continuous excitation, the spin state of the
NV center will be “pumped” from thermal equilibrium to polarized occupation of
|mS = 0〉 only 1. Secondly, the difference in PL intensity enables the optical readout
of the NV spin state, referred to as optically-detected magnetic resonance (ODMR).

The combination of the two allows the experimental determination of the
|mS = 0〉 → |mS = ±1〉 transition frequencies, known as the electron spin resonance
(ESR) frequencies. The continuous-wave (CW) ESR measurement uses a CW laser to
pump the NV center into the |mS = 0〉 state, and applies a microwave at the ESR
frequency to trigger the |mS = 0〉→ |mS =±1〉 transition. This results in a decrease
of measured PL intensity. The PL intensity as a function of applied microwave
frequency is plotted in fig. 2.2, and will be referred to as the ESR spectrum for the
rest of the thesis.

2.2. Magnetic field sensing with NV centers
The state dynamics described in the previous sections enable the optical readout
of the NV-ESR frequencies. In this section, we describe how the ESR frequencies
encode information of the external magnetic field experienced by the NV center,
making it a promising magnetometer at the atomic scale.

2.2.1. Extracting the external magnetic field from the NV ESR
frequencies

When the NV center experiences an external magnetic field B, the energy degeneracy
of the |mS = ±1〉 spin states will be lifted as a result of reduced symmetry. The
change in ESR frequencies therefore encodes information of the external field,
elaborated as follows.

The presence of B adds an additional Zeeman term to the ground state
Hamiltonian eq. (2.3):

HGS

h
= D

(
S2

z −
2

3

)
+γB ·S, (2.4)

1We note here that for the non-resonant excitation scheme, experiments indicate that the
aforementioned spin-preserving properties of the optical transitions do not hold strictly [12], while
the effect of optical pumping remains intact and the picture of state dynamics in fig. 2.2 remains a
valid approximation in practice.
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where γ is again the electron gyromagnetic ratio. Note that compared to the case of
a real-world NV center, we still ignored the possible presence of an external electric
field or strain.

For brevity, we define the angle θ between the external field B and the NV axis
(i.e. the z axis)

cosθ = B · ẑ

|B| (2.5)

and, without loss of generality given the symmetry of the system, further set the
orientation of the x axis such that B lies in the xz plane:

B = B(ẑcosθ+ x̂sinθ) (2.6)

with B = |B|. Substituting in the expressions of the spin-1 Pauli matrices, we write
eq. (2.4) in matrix form:

HGS

h
=

D/3+γB cosθ γB sinθ/
p

2 0
γB sinθ/

p
2 −2D/3 γB sinθ/

p
2

0 γB sinθ/
p

2 D/3−γB cosθ

 . (2.7)

By diagonalizing eq. (2.7), we can extract the eigenfrequencies { f1, f2, f3} of the
system, corresponding to the energies of |mS = 0〉 and |mS =±1〉 respectively. The
lower/upper ESR frequencies are then fl = f3 − f1, fu = f2 − f1, both functions of B
and θ. This is depicted in fig. 2.3(b).

When B aligns with the NV orientation, i.e. θ = 0, the Zeeman splitting is linear
and results in

fu/l = D ±γB. (2.8)

For non-zero misalignment θ ̸= 0, the shift in ESR frequencies becomes non-linear
and the energy splitting fu − fl at the same field amplitude also decreases compared
to the aligned scheme. Yet from fig. 2.3, it is worth noting that this splitting does
not go to 0 when θ = 90◦. In other words, fu − fl is a function of both B and cosθ,
instead of solely the field projection on NV axis (B cosθ).

This actually allows the determination of both the amplitude of the external field
and its orientation with respect to the NV axis, through the pair of ESR frequencies
fu(B ,θ) and fl (B ,θ). In practice, this is achieved through the reverse relations
B( fu , fl ) and cosθ( fu , fl ):

B( fu , fl ) = 1p
3γ

√
f 2

u + f 2
l − fu fl −D2, (2.9)

cosθ( fu , fl ) = −( fu + fl )3 +3( f 3
u + f 3

l )+2D3

27D(γB)2 + 1

3
. (2.10)

The above equations further make vector magnetometry possible: As there
are 4 possible NV orientations in the diamond lattice (〈111〉/〈1̄11〉/〈11̄1〉/〈111̄〉,
corresponding to the 4 possible orientations of C-C covalence bonds), the vector
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Figure 2.3 - The NV ESR transitions in presence of external magnetic field. (a)
Zeeman splitting of |mS =±1〉 states, and corresponding ESR spectrum.
The degenerate |mS =±1〉 states at zero field are drawn with a separation
solely to indicate the presence of two states. (b) Calculated ESR
frequencies fl and fu as a function of external field amplitude B , at
different angle θ between the orientation of B and the NV axis.

orientation of the external magnetic field n̂B can be (over-)determined by measuring
the ESR frequencies of an NV ensemble, through the set of equations

cosθi = n̂B · n̂NV,i , (2.11)

where i = 1 ∼ 4 denotes the 4 NV orientations, n̂NV,i are the (known) unit vectors
of the i th NV orientation, and θi is the relative angle between B and the i th NV
orientation as determined from the ESR frequencies using eq. (2.10).

In practice, however, the possibility of measuring the full vector orientation of an
external magnetic field using CW-ESR is constrained to a finite range of magnetic
field amplitude. On the one hand, the minimum measurable magnetic field is
determined by the sensitivity of the NVs and the measurement setup. This will
be discussed in more detail in section 2.2.2. On the other hand, a large off-axis
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(i.e. θ ̸= 0) magnetic field is also known to quench the photoluminescence and ESR
contrast of the NVs [13]. This is because under such condition, the Hamiltonian
eq. (2.4) will be dominated by the Zeeman term and the |mS〉 states can no longer
hold as the eigenstates of the system. The ODMR properties of NV centers based
on these states will therefore also not be valid any more. Also that within this
finite range, the extracted vector magnetic field is still ambiguous due to the spatial
symmetry of the diamond lattice, and therefore requires further confirmation on the
experimental settings to determine the correct orientation.

2.2.2. Magnetic field sensitivity of CW-ESR measurements

One important figure-of-merit for magnetometers is the magnetic field sensitivity. To
gain insight into the sensitivity of NV magnetometers, in this section we consider the
CW-ESR measurement (as in fig. 2.3) of a single NV center (or an ensemble of NVs
in the same orientation) parallel to the field orientation, and discuss the magnetic
field sensitivity of such measurements.

Since the external magnetic field aligns with the NV axis, we can determine
the external field through the frequency shift of a single ESR dip: B = ( fu −D)/γ
(eq. (2.8)). The ESR spectrum of this dip can be described by a Lorentzian line
shape:

I ( f ) = I0

(
1− C (∆ f /2)2

( f − fu)2 + (∆ f /2)2

)
, (2.12)

in which a few important parameters for the ESR spectrum is defined:

• PL intensity I0: The detected photoluminescence (s−1) in absence of a
microwave drive, or when the microwave is off-resonant. Corresponds to PL0

in fig. 2.3.

• ESR contrast C : Relative change of PL intensity at ESR frequency fu , defined
as C = (I0− I ( fu))/I0. (Or alternatively C = (PL0−PL)/PL0, following the notation
in fig. 2.3.)

• Full width at half maximum (FWHM) ∆ f : Linewidth of the dip, defined as
∆ f = f+− f−, where I ( f+) = I ( f−) = I0(1−C /2).

Apart from intrinsic properties of the NV(s) [14], the main experimental factors
that determine the above parameters are the optical excitation power Popt and the
microwave drive power Pmw. Specifically:

• I0 = NΓsingle, with N being the number of NVs addressed and Γsingle the single
NV PL intensity. Γsingle follows a saturation behavior as a function of Popt, and
is limited by the optical collection efficiency in practice. This will be discussed
more extensively in section 5.2.2.

• The dependence of both C and ∆ f on optical and microwave power is
discussed in details in ref. [15]. Intuitively, Pmw drives the system from
|mS = 0〉→ |mS =±1〉 and therefore increases the contrast at resonance , Popt
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on the other hand effectively drives the system back |mS = ±1〉 → |mS = 0〉
through optical pumping, decreasing the contrast as a result. And the linewidth
∆ f increases with both Popt and Pmw.

The magnetic field sensitivity of CW-ESR measurements can be extracted from
these parameters. In general terms, sensitivity is defined as the minimum detectable
signal that yields a signal-to-noise ratio (SNR) of 1 in unit time [16]. For CW-ESR
measurements, the maximum sensitivity is achieved by measuring the variation of
PL intensity at the maximum slope of I ( f ). Assuming the readout noise of PL
intensity I0 is dominated by shot noise and therefore scales as

p
I0, the magnetic

field sensitivity ηB can be estimated as [15]:

ηB = 4

3
p

3γ

∆ f

C
p

I0
. (2.13)

It is then obvious from eq. (2.13) that CW-ESR sensitivity improves by increasing
the total signal (therefore the amount of NVs addressed), ESR contrast, and
decreasing the linewidth. Aside from optimizing these parameters via tuning the
optical and microwave powers, the sensitivity of NV centers may be improved on a
more fundamental level by e.g. switching to pulsed-ESR measurements, or improving
upon the coherence time of the NVs [14, 15].

2.3. Experimental methods of magnetic imaging using NV
centers

Due to their small (atomic if using single NV) sensing volume, NV centers hold
potential for imaging magnetic fields at high spatial resolution. To realize such
potential, however, is not trivial and requires effort on experimental implementation.
Ever since the first experimental demonstration of NV magnetometry [17, 18], various
experimental configurations have been exploited to harness the imaging potential
of NV centers, applied in research ranging from biochemistry to condensed matter
physics [19–24].

In this section, we briefly discuss two of the most commonly used experimental
configurations for NV magnetic imaging, along with their strengths and limitations
in real-world applications.

2.3.1. Diamond-on-chip: confocal microscopy with ensemble NVs

In the diamond-on-chip setting, the NV-hosting bulk diamond is directly stacked on
top of the sample to be measured. A layer of ensemble NVs is created underneath
the diamond surface that is in contact with the sample, with the NV depth and
density chosen according to specific experimental needs. The excitation laser is
focused onto the NV layer through a free-space microscope objective, addressing the
NV centers at the focal spot and subsequently collecting the PL of these NV centers.

To realize imaging, the diamond-sample stack is scanned with respect to the laser
spot by either scanning the laser spot (as in the setup discussed in section 3.2.3)
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Figure 2.4 - Schematics of NV magnetic imaging in a confocal microscope
configuration. A bulk diamond is placed on top of the sample,
with a layer of ensemble NV centers close to the contact side. The
diamond-sample stack is scanned with respect to the focused laser spot,
so that NVs at different locations are addressed during the scan. The
NV-sample distance h in this configuration is the sum of the NV depth
below diamond surface plus the stand-off distance between the diamond
and the sample.

or the stack with a motorized positioner. NVs at different locations in plane will
therefore be addressed during the scan, allowing magnetic field measurements across
the sample surface. Another similar strategy of addressing NVs across the sample is
wide-field microscopy [19, 24]: the excitation laser is instead defocused to address
NVs in a larger area (and therefore requires more power), and a CCD camera is used
to simultaneously measure the NV PL from the entire field of view.

The diamond-on-chip configuration is feasible for many applications due to its
experimental simplicity: No extra complication in e.g. diamond nanofabrication or
fine placement of the NVs is needed, and the use of ensemble NVs provides a strong
PL signal and therefore enables the detection of weaker signals (eq. (2.13)).

The main limitation of this configuration lies in its spatial resolution. In the
diamond-sample stack, the NV-sample distance h (fig. 2.4) is the depth of the NV
layer plus the possible finite stand-off distance due to dust particles in between
the diamond and the sample. Since the spatial resolution of magnetic imaging is
directly determined by the probe-sample distance [25, 26], it is therefore limited
to the micrometer-scale. To minimize the stand-off distance, it is possible to use
micrometer-sized diamond membranes instead of millimeter-sized bulk diamond
[27, 28], so that the possibility of having dust particles underneath can be eliminated.
In this case, the spatial resolution is in turn limited by the laser spot size i.e. the
diffraction limit of the excitation laser.



2.3. Experimental methods of magnetic imaging using NV centers

2

23

2.3.2. Scanning-probe magnetometry using diamond cantilevers

However, since NV center is an atomic sensor, the diffraction limit of the laser is of
course not a fundamental limit for NV magnetometers. Therefore, to unlock the
potential of nanoscale magnetic imaging, the scanning probe approach has been
developed [29]. Instead of a bulk diamond, a nano-fabricated diamond cantilever
with an extruding tip is used. A single NV center (or sometimes a small ensemble)
resides at the apex of the tip, and is scanned over the sample surface, illustrated in
fig. 2.5

NV PL

NV

Excitation

Microscope
Objective

To free-space optics

Sample

Diamond 
cantilever

Tuning fork

h

Figure 2.5 - Schematics of scanning-probe NV magnetometry. A single NV center
resides in the tip apex of a nano-fabricated diamond cantilever. The
tip-sample distance h is controlled through a tuning-fork atomic force
microscope (AFM) system. The relative position between the objective
and the cantilever stays fixed, while the sample is scanned with a
(nano-)positioner to realize scanning.

The scanning probe geometry provides a solution to both limiting factors of spatial
resolution - diffraction limit and stand-off distance - simultaneously. The former
is circumvented by addressing only a single NV center, while the tip-on-cantilever
geometry allows the NV probe to be integrated into an atomic force microscope
(AFM) system. By gluing the diamond cantilever to the prong of a tuning fork
[30], the tip-sample distance can be precisely controlled via the tuning-fork AFM
mechanics with nanometer precision. At the cost of experimental complication, the
spatial resolution of NV magnetometry can be pushed down to tens of nanometers,
leading to numerous experimental breakthroughs especially in condensed matter
physics [23, 31–33].
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2.4. NV magnetometry using fiber-coupled diamond
nanobeams

For both experimental configurations discussed in section 2.3, the NV centers
are addressed through free-space optics. For certain applications, however, the
requirement of free-space optical access is not trivial to meet. Such conditions
include e.g. cryogenic, intra-cellular and other hard-to-reach environments. Yet
applying NV magnetometry under these conditions can enable new measurements
and provide valuable insight in e.g. low-temperature (quantum) science, biochemistry
[19] or paleomagnetism [34], through its unique, versatile capabilities such as vector
magnetometry [35, 36] and relaxometry measurements [37–40].

As such, all-fiber based NV probes have been developed. The majority of
previously reported all-fiber NV probes usually consist of NV-hosting single-crystal
diamonds fixed to the cleaved end of optical fibers [41–43]. Excitation and readout
of the NV centers in the diamond is then achieved directly through the core of
the fiber. While such probes have demonstrated capabilities of high-sensitivity
magnetic field sensing, the size of the sensor diamond (ranging from micrometers
to millimeters) limits the spatial resolution, precluding their application in studying
magnetic phenomena on shorter length scales. Also, the collection efficiency in such
configurations is limited by the mismatch of numerical aperture, and suffers from
loss at the diamond-fiber interface.

In order to achieve high spatial resolution and high sensitivity in scanning-probe
imaging, the sensor needs to be in close proximity to the target sample, with limited
size and optimized readout efficiency. To address these requirements for fiber-based
NV probes, in this thesis we aim to develop a new scanning-NV sensor based on a
tapered diamond nanobeam that is optically coupled to, and manipulated with, a
tapered optical fiber. The nanobeam structure allows us to confine the NV sensor
spins to a nanoscopic volume, enabling scanning-probe magnetometry down to
nanoscale spatial resolution. Furthermore, such fiber-coupled nanobeam probes can
also benefit from the potentially near-perfect optical coupling efficiency [44] through
adiabatic coupling, thereby realizing high-sensitivity magnetic imaging.

This section serves as an overview of the fiber-coupled diamond nanobeam
scanning probe: we give a brief theoretical explanation to understand the mode
coupling at the tapered interface in section 2.4.1, and discuss the envisioned
experimental scheme in section 2.4.2.

2.4.1. Optical mode coupling at the fiber-nanobeam interface

The configuration of a fiber-coupled diamond nanobeam probe is illustrated in
fig. 2.6(a). Through the contact between the fiber taper and the nanobeam taper,
light is wave-guided from the fiber to the diamond (and vice versa). Such a
configuration has been implemented in e.g. optomechanics and quantum network
applications, to realize a fiber-coupled optical interface for nanophotonic waveguide
devices with near-perfect coupling efficiency [44–47]. Below we provide a qualitative
explanation of the condition required for efficient light coupling.
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Figure 2.6 - Schematics of the fiber-nanobeam coupling interface. (a) Side view
and cross-section view of the tapering and overlap of the nanobeam and
the fiber. (b) Qualitative behavior of effective refractive index across the
coupling region. When the adiabatic condition (eq. (2.17)) is met, the
effective index of the superposition mode exhibits a gradual transition
from the diamond nanobeam mode to the tapered fiber mode (or vice
versa). nd ,ng and na denote the refractive indices of diamond, glass and
air respectively.

The behavior of light in such a configuration is usually elaborated in the language
of waveguide optics. In absence of any tapering, i.e. when the waveguide is
translationally invariant along the longitudinal direction z, the electric field profile
of a wave-guided mode propagating along z can be written in the variable separated
form of

E(x, y, z) = e(x, y)e iβz . (2.14)

Here, e(x, y) is the z-invariant cross-sectional field profile, and the propagation of the
mode is characterized by the propagation constant β, or equivalently, the effective
refractive index

neff =β/k0 (2.15)

where k0 is the wave vector in vacuum.
The translational invariance in z is no longer present under the composite

waveguide structure in fig. 2.6(a). This introduces z dependence in both the
propagation constant β, and consequently the cross-sectional field profile e. In order
for the light mode to efficiently evolve from the guided mode of the fiber to that of
the nanobeam (or vice versa), it requires the variation of the cross-sectional profile
to be gradual. The term “gradual” here can be specified as satisfying the “local
mode” approximation [48]: at any longitudinal position z0, the field profile E(x, y, z0)
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can be approximated by that of a translationally invariant waveguide with the same
cross section at z0

E(x, y, z0) ≈ e(x, y,β(z0))e iβ(z0)z , (2.16)

with β(z0) being the propagation constant of the composite waveguide at z0, which
also implicitly determines the cross-sectional profile at z0.

The condition at which the local mode approximation holds is referred to as the
adiabatic condition. One of its approximated forms can be expressed as [46, 48]

zt ≫ zb = 2π

β−β∗ . (2.17)

where zt is the length over which the cross section of the composite waveguide
changes, and zb is defined as the beat length between the propagating mode of
interest and the closest different eigenmode, characterized by propagation constants
β and β∗ respectively. Essentially, zb characterizes the length at which the field
profile exhibits a significant variation due to the presence of the second mode, when
the waveguide is approximated as translationally invariant. For the approximation to
be valid, a significant variation in the waveguide profile can only happen at a larger
length scale, hence requiring zt ≫ zb . This is discussed in more detail in sections 19
and 28 of ref. [48].

When the adiabatic condition is met, the propagating light mode can be efficiently
guided across the coupling interface. This is best pictured by the effective refractive
index of the superposition mode along z, gradually evolving from the refractive
index of diamond to that of glass (fig. 2.6(b)). Quantitative, numerical simulations of
this process can be found in refs. [44–46]. Ideally, the coupling efficiency can reach
100%, while in reality it can be limited by factors such as fabrication imperfection
and finite misalignment.

Aside from the coupling efficiency of the guided mode, extra complication is
involved for our envisioned scheme in fig. 2.6(a), where we try to extract the
emission of an NV center near the end-facet of the nanobeam. The fraction of NV
emission into the guided mode under such complicated boundaries also plays an
important role in the total collection efficiency, and it requires further simulation to
be accounted for accurately.

2.4.2. Fiber-coupled diamond nanobeam as a scanning probe

As a magnetic field sensor, the fiber-coupled diamond nanobeam has a natural
scanning-probe geometry. Similar to the existing scanning cantilever approach,
the scanning measurement is enabled by mounting and scanning the sample
perpendicularly underneath the nanobeam end facet, as illustrated in fig. 2.7. By
getting rid of the free-space optical components in the vicinity of the probe, the
nanobeam scanner offers better compatibility with measurements in hard-to-reach
environments.

The realization of the measurement scheme in fig. 2.7 can be split into addressing
the following challenges:
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Figure 2.7 - Schematics of scanning-probe measurements using NVs in a fiber-
coupled diamond nanobeam. An ensemble of NVs or a single NV is
placed near the end facet of the nanobeam, and is addressed through the
fiber interface. The sample is mounted perpendicular to the nanobeam,
and is scannned with a (nano-)positioner to realize magnetic imaging.

• Fabrication of the nanobeam probe: A recipe needs to be developed to
fabricate single-crystal diamond into tapered nanobeams. Furthermore, to
realize proper 2D imaging, such a recipe should also incorporate the creation
of NV centers only at the end facet of the nanobeams.

• Coupling the nanobeam to the tapered fiber: The fabricated NV-hosting
diamond nanobeams need to be coupled to the tip of the tapered fiber in a
deterministic and robust way, to ensure the optimization of readout efficiency
(which is sensitive to the relative position between the nanobeam and the
fiber) and keep the readout stable during scanning measurements.

• Setting up scanning measurement: One crucial aspect of realizing nanoscale
2D imaging is the precise control of the lift height h in fig. 2.7. Besides, an
extra challenge of scanning in the absence of free-space optical access is the
navigation over the sample surface, as locating a specific region of interest
becomes non-trivial without direct visuals.

Throughout the rest of this thesis, our effort on tackling the above challenges will
be discussed in detail.
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3
Fabrication of diamond nanobeams

What we thought was for all time
was momentary.

loml · Taylor Swift

Abstract
As the first step towards fiber-based scanning NV magnetometry, we discuss in this
chapter the fabrication of NV-hosting diamond nanobeams. The discussion is divided
into two major parts: the nano-fabrication process to create the nanobeam structure
(section 3.1), and the placement of NV centers in these nanobeams (section 3.2). We
discuss in detail our workflow based on reactive ion etching of diamond, and the
novel strategy of angled ion implantation. Their combination allows us to fabricate
diamond nanobeams out of a single-crystal bulk diamond, and deterministically
create NV centers only at the end facets of the nanobeams in the same workflow.

Section 3.2.1 has been published as part of New Journal of Physics 26, 10, 103031 (2024), by Y. Li, G.
Welker, R. Norte and T. van der Sar.
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Introduction
As concluded in section 2.4, combining fiber-optics with scanning-NV magnetometry
can be a promising approach towards high resolution and sensitivity measurements
in hard-to-reach environments. From this chapter on, we dive into the experimental
details towards realizing fiber-based scanning-NV magnetometry using diamond
nanobeam probes. Naturally, the creation of NV-hosting diamond nanobeam probes
forms the foundation of this project.

In this chapter, we divide the process of diamond nanobeam fabrication into
two parts: patterning the diamond into nanobeams based on reactive ion etching
(section 3.1), and creating NV centers within the nanobeams based on ion
implantation (section 3.2). The detailed procedure for both parts will be explained.

3.1. Workflow of diamond nanobeam fabrication

3.1.1. Overview of the quasi-isotropic diamond etch method

Our fabrication workflow is based on the quasi-isotropic diamond etch method. First
demonstrated in ref.[1], it is nowadays one of the established approaches to fabricate
free-standing nanostructures out of single-crystal bulk diamond [2–6]. Before going
into the details, in this section we first provide a general overview to justify the
choice and highlight the key points of this method.

The general strategy of fabricating such free-standing diamond structures can be
divided into two major parts: patterning in which the geometry of the structure is
defined, and undercutting in which the structure is released from the substrate. In
our workflow, both are achieved via O2-based reactive ion etching (RIE), one of the
most common approaches for scalable nanofabrication of single-crystal diamond [7].
Specifically, the patterning of nanobeams is realized via an anisotropic RIE step,
where we etch vertically into the diamond substrate that is covered by a patterned
hard mask. And the undercutting of nanobeams is achieved by an isotropic RIE step.

The key challenge of the entire workflow lies in the undercutting part: similar
undercut for fabricating Si or SiN waveguides [8] is usually achieved by selectively
removing the sacrificial material underneath the layer of the target material. However,
having a uniform, sub-micrometer thick single-crystal diamond layer on top of a
different material is already a significant research challenge by itself 1.

Therefore, various methods of undercutting nanostructures from a bulk single
crystal diamond have been developed. One option is angled O2 RIE, where a Faraday
cage is used to control the etching direction, resulting in a triangular cross-section of
nanobeams [10, 11]. The quasi-isotropic etch that we use is another option, where
we undercut the devices by (quasi-)isotropically etching the entire bulk diamond,
with the patterned devices protected on the top surface and sidewalls with extra
layers of mask. This will result in a rectangular cross section for the nanobeams,
potentially better suited for both the fiber-coupling procedure that will be discussed
in chapter 4 and possible future integration with nanophotonic structures.

1Nevertheless, it is not impossible: There are also research efforts to fabricate diamond nanophotonic
devices by first creating high-quality diamond thin membranes [9].
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The step-by-step overview of the nanobeam fabrication flow (excluding ion
implantation, which will be discussed separately in section 3.2) is listed in table 3.1.
The key parameters and implementation details of each step will be discussed in the
following sections.

Step Key Details

Surface polishing Almax Easylab, Ra < 2nm

Surface cleaning Fuming HNO3, 10-15 min

Surface strain-relief etch ICP-RIE with Ar/Cl2 (10 sccm/20 sccm) then O2

(50 sccm), removes ∼ 5µm from the surface

Hard mask deposition ∼ 200nm Si3N4 with PECVD/ICPECVD

Spin-coating of resist AR-P-6200.13 (CSAR-13) at 4000 rpm (∼ 400nm)
followed by Electra-92 at 4000 rpm (∼ 30nm)

E-beam lithography Beam dose 320 µC/cm2, spot size ∼ 21nm and
current ∼ 500pA

Resist development 90 s in Pentylacetate, 60 s in 1:1 mixed MIBK & IPA,
60 s in IPA

Si3N4 etch ICP-RIE with CHF3/O2(60 sccm/6 sccm) at 20 ◦C

Resist removal 10 min DMF followed by 10 min piranha cleaning
(96% H2SO4 and 31% H2O2, 3:1 mixed at 80 ◦C)

Anisotropic diamond etch ICP-RIE with O2 (50 sccm and 90 W RF), etches
∼ 600nm into the diamond

Sidewall protection ∼ 20nm of Al2O3 deposition with ALD

Top-surface Al2O3 re-
moval

ICP-RIE with BCl3/Cl2 (45 sccm/5 sccm) at 20 ◦C

Optional 2nd anisotropic
diamond etch

ICP-RIE with O2 (50 sccm and 90 W RF), etches
∼ 200nm into the diamond

Quasi-isotropic undercut ICP-RIE with O2 (50 sccm and 0 W RF) at 65 ◦C

Mask removal 10 min in 40% HF

Table 3.1 - Workflow of diamond nanobeam fabrication, with some of the key
parameter details of each step.
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3.1.2. Choice of the diamond substrate

We use the single-crystal, CVD-grown diamonds from Element-six for nanobeam
fabrication. Throughout this thesis, two types of diamonds are used: the DNV-B14
diamond with a high NV concentration (4.5 ppm [12]) for nanobeams containing
uniform ensemble NVs, and the EL SC plates with low nitrogen concentration
(< 5 ppb) for nanobeams with post-implanted NVs. As received, the ensemble
NV diamonds are 3mm×3mm×0.5mm pieces and the low nitrogen concentration
diamonds are 4mm×4mm×0.5mm, and both top surfaces are oriented to the
{100} crystal plane. For both diamonds, the parameters for fabrication are identical
(apart from the size of the substrate). Therefore in this section, we will use our
fabrication process of the low nitrogen concentration diamond as an example.
Unless mentioned otherwise, all the pictures are taken with the same low nitrogen
concentration diamond.

3.1.3. Polishing and cleaning of diamond surface

Since our workflow follows a top-down approach from the surface of the diamond
substrate, all the imperfections on the surface such as roughness, defects and
contamination will eventually be translated into imperfections in fabricated devices.
Therefore, in this chapter we discuss the pre-fabrication surface treatments of
the diamond substrate, in order to make sure that the surface is smooth and
contamination-free.

After receiving the diamond substrate, we slice the substrate into 8 membranes of
2mm×2mm×0.05mm and polish them on both sides mechanically (Almax EasyLab).
For each batch of fabrication, only one of such membranes is used. Both surfaces of
the membrane are polished down to a roughness of Ra < 2nm, and an additional cut
on the corner is created so that it’s possible to tell the two sides apart upon optical
microscope inspection.

The membrane is then cleaned with fuming HNO3 for 10-15 min to remove the
contaminant from the slicing and polishing process. After the acid treatment, the
diamond is rinsed with deionized (DI) water followed by an extra rinsing step in
isopropanol (IPA), in order to minimize the dry stains that could form on the surface
while blow-drying.

Since the mechanical polishing induces damage on the diamond surface, an
inductively-coupled plasma reative ion etching (ICP-RIE) process using Ar/Cl2 plasma
is performed to remove about 1∼ 2µm from the polished diamond surface (Oxford
Instruments Plasmalab 100), followed by an O2 ICP-RIE to remove another 5∼ 6µm
of diamond surface that could contain chlorine contamination [13]. The parameters
used for this process is listed in table 3.2 [14]. During the etch, the diamond
membrane is glued to a quartz carrier wafer (using a small droplet of e-beam resist
PMMA495A4 as the glue) to remain stable, and the quartz wafer has a layer of
titanium evaporated on the back side to avoid charge accumulation during the etch.

The Ar/Cl2-O2 etch is crucial if NV centers are to be implanted near the surface,
as the properties of NV centers can be largely subject to nearby lattice defects. In
this case the implantation should be carried out after the surface relieving etch. The
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Etch step Gas flow RF power ICP power Temperature Etch time

1. Ar/Cl2 etch 10/20 sccm 200 W 500 W 30 ◦C 30 min

2. O2 etch 50 sccm 90 W 1100 W 20 ◦C 20 min

Table 3.2 - Parameters for the surface relieving etch, using an Ar/Cl2 etch followed
by an O2 etch.

nanobeams with uniform ensemble NVs, however, are fabricated without this step
and yet still yield good readout of NV signal, primarily due to the very high NV
concentration and a major contribution from NVs further away from the surface.

3.1.4. Creating the nanobeam patterns in a hard mask

As the first step in the fabrication, in this section we discuss the creation of the
nanobeam pattern, through electron-beam (e-beam) lithography over a hard mask
layer deposited on top of the diamond surface.

The necessity of an extra “hard” mask layer, instead of directly patterning a layer of
e-beam resist on the diamond surface, is discussed in detail in ref. [4], along with the
reason for choosing Si3N4 as the hard mask material among other candidates. The
most important reason is that during the oxygen-based diamond etching later in the
workflow, Si3N4 has a much higher selectivity (about 38 according to ref. [4], i.e. the
etch rate of Si3N4 in O2 ICP-RIE is 38 times slower than that of diamond) compared
to e-beam resists. This allows the mask layer to be much thinner, beneficial for the
fabrication of finer structures. A mask that is resilient against the oxygen plasma
etch will also minimize mask erosion during the etch, as well as subsequent pattern
distortion and rounding effects.

To create the hard mask layer, we deposit ∼ 200nm of Si3N4 with chemical vapour
deposition (CVD). The first generation of recipe uses plasma-enhanced chemical
vapour deposition (PECVD, Oxford Instruments Plasmalab 80 Plus) to deposit Si3N4

at 300 ◦C. Later on, we switched to the inductively-coupled plasma enhanced
chemical vapour deposition (ICPECVD, Oxford Instruments PlasmaPro 100) as it
becomes available in Kavli Nanolab Delft. Apart from increased thickness uniformity
across the sample, the new device also allows us to deposit at a much lower
temperature (85 ◦C), thereby allowing the diamond membrane to be glued to a
silicon carrier chip during the deposition. This greatly relieves the practical difficulty
and risk involved in directly manipulating the 50 µm-thin membranes with tweezers
over the 300 ◦C hot plate, as in the previous case. The relevant parameters for both
processes are listed in table 3.3.

In practice, another dummy silicon chip is usually deposited alongside the
diamond substrate in the same run in order to determine the actual thickness of
deposited Si3N4 layer with an ellipsometer (Woollam M-2000)2. In practice, this

2The thickness of the native oxide layer of this dummy chip should also be measured before
deposition in order to obtain optimal accuracy.
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Device Gas flow Temp. Dep. rate

PECVD 20 sccm SiH4/20 sccm NH3/980 sccm N2 300 ◦C ∼ 12nm/min

ICPECVD 26 sccm SiH4/25 sccm N2 85 ◦C ∼ 44nm/min

Table 3.3 - Parameters for PECVD and ICPECVD deposition of Si3N4 hard mask.

dummy chip can also be the carrier chip on which the diamond is glued. This will
be important at the later step of determining the thickness of the ALD Al2O3 layer:
for ellipsometry measurements, tracking the thicknesses layer by layer on a reference
sample provides much more accuracy over directly measuring an entire stack of
material on a small, transparent diamond substrate (if this is possible at all).

E-beam lithography is then used to pattern the hard mask. The nanobeam
patterns are written on a ∼ 400nm layer of positive resist AR-P-6200.13 (also referred
to as CSAR-13) spin coated on top of the hard mask. Due to the insulating nature of
diamond, an additional layer of conductive coating Electra-92 is further spin coated
after baking the resist, to prevent charging of the substrate during exposure. The
parameters for spin coating are listed in table 3.4. In practice, it’s recommended to
spin-coat the resists in the same day after the hard mask deposition, as exposing the
hard mask in air for a longer time can result in deteriorated adhesion of the resist,
probably because of surface chemistry changes3.

Chemical Spin speed & time Expected thickness Baking temp. & time

CSAR-13 4000 rpm, 1 min ∼ 400nm 150 ◦C, 3 min

Electra-92 4000 rpm, 1 min ∼ 40nm 90 ◦C, 2 min

Table 3.4 - Parameters for spin coating the e-beam resists.

The lithography pattern for each nanobeam consists of the nanobeam itself, the
surrounding “cutout” area and a thin connection between the nanobeam and the
rest of the bulk diamond where the breaking of the beam will happen. The specific
geometrical dimensions and requirements of the fabricated nanobeams are discussed
in the corresponding sections of chapter 4, and one example of the pattern design is
shown in fig. 3.1 (a).

The parameters for e-beam exposure (Raith EBPG5200) are listed in table 3.5. Here
a weak current is used to ensure the writing quality of the fine structures such as the
connection area. Also because of the small feature sizes in this area, it is important
that the writing order (shown in fig. 3.1(b)) is consecutive within each pattern. This
is because beam distortion due to charging can still be present despite applying the
extra conductive layer, causing stitching artifacts if the writing order is switching

3One possible remedy in case this happens is a brief oxygen descum (100 W RF and 200 sccm O2 for
2 min, PVA Tepla 300) of the sample.
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Figure 3.1 - An exemplar nanobeam pattern for e-beam lithography. (a) Original
design in CAD. Bottom right inset shows the zoom-in view of the
connection part. (b) Fracturing scheme (red blocks) and writing order
(black arrows) determined in BEAMER, the e-beam pattern generation
software. The writing order needs to follow the geometry of the
pattern to avoid stitching artifacts. (c) Optical microscope image of one
nanobeam pattern after e-beam exposure and development.

Beam spot size Current Dose Aperture diameter

21 nm 538 pA 320 µC/cm2 400 µm

Table 3.5 - Parameters for e-beam exposure with Raith EBPG5200.

back and forth between distant features.
After the exposure, we develop the resist in pentylacetate for 90 s, followed by 60 s

in 1:1 mixture of MIBK (methyl isobutyl ketone) and IPA (isopropanol) and another
60 s rinsing in IPA. The optical microscope image of the pattern after development is
shown in fig. 3.1(c).

We use an ICP-RIE with CHF3/O2 plasma (AMS 100 I-speeder) to transfer the
pattern into the hard mask. The parameter details are listed in table 3.6. In practice,
we mount the diamond carrier chip on a silicon carrier wafer using thermal paste,
both as an adhesive and to ensure good thermal contact between the sample and
the carrier. We run the etch for 3 minutes to overetch the hard mask, in order to
make sure that the written area is completely etched away.

To further ensure the mask-free area is free of residual e-beam resist, we first
use dimethylformamide (DMF) to dissolve the remaining e-beam resist (10 min).
Normally this is not sufficient to remove all the resist, and residuals of resist will
remain on the sample surface in the form of flakes or particles (one such example
is marked in fig. 3.2(b)). We therefore further clean the sample in boiling piranha
solution (96% H2SO4 and 31% H2O2, 3:1 mixed at 80 ◦C) for 10 minutes, which will
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Process Gas flow RF power ICP power Temp. Etch rate

CHF3/O2 etch 60/6 sccm 50 W 500 W 20 ◦C ∼ 110nm/min

Table 3.6 - Parameters for etching the Si3N4 hard mask.

a b

Diamond

Si3N4

20 µm

Figure 3.2 - CHF3/O2 etch of the Si3N4 hard mask. (a) Schematics of hard mask
patterning. (b) Optical microscope image after hard mask etching
and cleaning with DMF. A difference in color is visible between the
hard mask covered area (light purple shade) and the exposed diamond
surface. The black dashed circle encloses a piece of residual resist after
DMF cleaning.

remove most of the residual resist from the sample surface. An alternative (and
simpler) solution is to sonicate the sample in DMF for another 5-10 minutes at low
power. For our nanobeam patterns this method usually also works well in terms of
cleaning the resist, while more risk is indeed involved if the pattern contains more
fine structures that could suffer from distortion during the sonication process.

3.1.5. Transferring the nanobeam pattern into the diamond

With the patterned hard mask on top of the diamond substrate, in this section we
discuss the transfer of the nanobeam pattern into the diamond using reactive ion
etching.

The pattern in the hard mask is transferred to the diamond substrate via another
ICP-RIE step with O2 plasma (Oxford Instruments Plasmalab 100). Here the term
“anisotropic” refers to the directionality of the etch, i.e. the diamond will be etched
vertically as a result of the voltage bias between the plasma source and the carrier
substrate (controlled by the RF power applied in the recipe)4. This sets the difference
between this step and the later step of (quasi-)isotropic etch which is also based
on O2 ICP-RIE. The recipe parameters are listed in table 3.7. For this step and all
the following etch steps, we use a silicon carrier wafer with a thick (2 ∼ 3µm) layer

4Therefore the previously mentioned surface relief etch and hard mask etch are also anisotropic.
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of thermal oxide termination, to make sure there’s no etching and redeposition of
silicon from the carrier wafer during the process.

Process Gas flow RF power ICP power Temp. Etch rate

Aniso. O2 etch 50 sccm 90 W 1100 W 20 ◦C ∼ 300nm/min

Table 3.7 - Parameters for the anisotropic diamond etch.

Diamond

Si3N4

1 µm

a b

Figure 3.3 - Anisotropic diamond etch. (a) Schematics of the anisotropic diamond
etch. (b) SEM images of the nanobeam pattern after the anisotropic
etch (under 45◦ tilting angle). Left panel shows the connection area and
right panel shows the tail of the nanobeam. The Si3N4 hard mask is
false colored in purple.

The sample is inspected using a scanning electron microscope (SEM, Hitachi
S-4800) after the etch. Figure 3.3(b) shows the resulting vertical sidewalls of the
nanobeams. In this specific sample, we etch around 600 nm into the diamond,
slightly more than the target final beam thickness (500 nm in this case) to allow for
the upward etch during the undercut. On top of the vertical sidewalls, the roughness
is also visible in the form of vertical stripes: these originate from the roughness of
the e-beam resist on the pattern edges after development. Possible ways to mitigate
this effect will be discussed in the outlook section. Besides, sections of slightly
different slopes on the sidewalls are visible in the right panel, likely due to the
change in the hard mask sidewall profile during the etch.

As a side note: Once the etch performance has been characterized, it is
best to avoid SEM inspection at this stage of fabrication, as the hydrocarbon
deposition induced by the electron beam [15] can be an extra source of unwanted
micro-masking in the subsequent etch steps.

3.1.6. Protecting nanobeam sidewalls prior to undercutting

As briefly explained in section 3.1, the strategy to undercut the structure created in
previous steps is to etch in all directions with the nanobeam itself protected. Since
the sidewalls of the nanobeams are still exposed after the pattern transfer, extra
protection of the sidewalls is needed to make sure the nanobeams themselves don’t
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get etched away during the undercut. In practice, the protection of nanobeams is
accomplished in two steps.

• Atomic layer deposition (ALD) of Al2O3: In the first step, we create a uniform
protection layer over the entire diamond substrate. We do so by using atomic
layer deposition (ALD) to deposit a ∼ 20nm layer of Al2O3 (280 cycles at 105 ◦C,
Oxford Instruments FlexAL). The reference chip (section 3.1.4) is also deposited
in the same run, and is then used to precisely determine the thickness of
deposited Al2O3 with ellipsometry. This is necessary for determining the
correct etch time of the subsequent Al2O3 etch. Since the deposition rate (as
in nm per cycle) of our specific ALD machine is subject to change over time,
characterizing the layer thickness is necessary for us in each fabrication run.

• Re-open the top surface with anisotropic Al2O3 etch: Since the ALD process
covers the sample uniformly, we need to re-open the top-side diamond surface
to be able to etch it, while leaving the sidewalls of the nanobeams protected.
This is achieved with another anisotropic ICP-RIE with BCl3/Cl2 plasma (Oxford
Instruments Plasmalab 100). The parameters are listed in table 3.8.

Process Gas flow RF power ICP power Temp. Etch rate

BCl3/Cl2 etch 45/5 sccm 10 W 600 W 20 ◦C ∼ 30nm/min

Table 3.8 - Parameters for etching Al2O3.

As discussed before, the etch time is determined through the previous measurement
of the Al2O3 thickness, and usually includes a small amount of overetch again to
make sure the mask is completely opened on the top surface. For example, for
the specific sample in fig. 3.3(b) we measured 21.7 nm of Al2O3, considering the
estimated ∼ 30nm/min etch rate (which could also be subject to change over time),
we ran the etch for 50 s to ensure overetching. In practice, we also do 5-10 min of
chamber preconditioning before the actual etch (i.e. running the same recipe using
the same carrier wafer but without the sample). This ensures the smooth ignition of
plasma, as possible glitches or failures of plasma ignition at the start of the etch can
also have a non-negligible effect on the etch given its short duration.

3.1.7. Undercutting the nanobeams using quasi-isotropic RIE

After the previous step, the top side and sidewalls of the nanobeams are both
protected (by Si3N4 and Al2O3 respectively), while the diamond surfaces in the
cutout area around the nanobeams are exposed. We are then ready to perform the
quasi-isotropic etch to undercut the nanobeams (Oxford Plasmalab 100), using the
parameters listed in table 3.9.

The key difference compared to the previous O2 etch is that RF power is set to 0,
so no external voltage bias is applied to the oxygen plasma. This way, the directional
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physical etching via ion bombardment on the substrate is suppressed, and the effect
of chemical etching becomes more significant. In this regime, the diamond is etched
in all directions though not fully isotropic, as the chemical etch rate is different for
different crystallographic orientations. This has been systematically studied in ref.
[16], and under our etching conditions the undercut is dominated by the downward
etch along the {100} plane and the etch going “sideways” along the {111} orientations.

Process Gas flow RF power ICP power Temperature

Quasi-iso. O2 etch 50 sccm 0 W 2500 W 65 ◦C

Table 3.9 - Parameters for the quasi-isotropic diamond etch.

Al2O3

Diamond

Si3N4
a

c d

b

10 µm

1 µm 1 µm

Al2O3

Diamond

Si3N4

Figure 3.4 - Quasi-isotropic diamond etch. (a) Schematics of before (left) and after
(right) quasi-isotropic etching (b) SEM image of a nanobeam after a
7-hour quasi-isotropic etch (inspected under 45◦ tilting angle). The Si3N4

hard mask and Al2O3 sidewall protection are false colored in purple and
blue respectively. (c) Zoom-in SEM images of the connection (left) and
tail (right) of the nanobeam, as marked in white dashed rectangles in
(b). (d) Cross-section schematic of the nanobeam after the undercut.

Figure 3.4(b), (c) shows the SEM images after a 7-hour undercut. We discuss the
following aspects of this process:

• Second anisotropic etch: For the sample in fig. 3.4, we did a second
anisotropic etch before the quasi-isotropic etch. This etches about 250 nm
further into the diamond and therefore creates a new section of “sidewall”
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below the Al2O3 covered area. In practice, we found this step is optional as
the nanobeams will still be undercut without this step, but it could possibly
decrease the time needed for the nanobeams to be completely released: for
samples without the second anisotropic etch, it can take 12∼14 hours to
fully undercut nanobeams of the same dimensions. There is, however, no
quantitative characterization yet of how the etch rate depends on the second
anisotropic etch, as the etch time is also largely affected by the sample and
chamber condition and therefore varies across different fabrication runs.

• Upward etching: After the nanobeams are released, they will keep being
etched upwards from their exposed bottom side [1]. This is visible in
fig. 3.4(c): under SEM inspection, the thin alumina layer on the sidewalls are
electron-transparent, allowing us to see through the mask and identify the
remaining diamond as the darker gray part of the sidewall. The schematic of
the beam cross section at this stage is illustrated in fig. 3.4(d), indicating the
diamond is further etched upwards from the bottom of the alumina mask.

• SEM inspection of etch status: In practice, since the etch rate can vary for
each fabrication run, we usually split the entire undercut process into 2 or 3
sessions and briefly inspect with SEM in between. This is to estimate the time
still needed to complete the undercut, or fine-tune the beam thickness after
undercutting and avoid over-etching. For example, the 7-hour undercut for the
sample in fig. 3.4 is actually split into 4+3 hours. As mentioned before, here
it is also important to limit the hydrocarbon deposition in the SEM, by only
zooming in on a few devices and limiting the time of exposure.

• Etching temperature: We perform the quasi-isotropic etch at 65 ◦C because
this is the maximum available temperature in our Oxford Plasmalab 100
system. This is also the reason for the long etch time in our process. By
increasing the temperature to > 200◦C[1, 2], the chemical etch rate can be
increased, resulting in both decreased etch time and increased “isotropy”. As of
2023, a new ICP-RIE system (Oxford PlasmaPro 100 Cobra) becomes available
in Kavli Nanolab Delft, and is capable of reaching up to 250 ◦C. Initial tests on
the new device see a significant decrease in undercut time down to around 2
hours with improved etching isotropy. Further tests and migration of diamond
etching recipes are to be expected in the future.

After the quasi-isotropic etch, we clean the sample for 10 mins in 40% HF
(hydrofluoric acid) to remove the Si3N4 and Al2O3 masks, and again inspect the end
result with SEM, as shown in fig. 3.5.

During the acid cleaning, some nanobeams will already break from the connection
point and can eventually land on the flat surface area of the diamond substrate.
These beams make it possible to also inspect the bottom side of the nanobeams. As
is visible in fig. 3.5 (d-f), the bottom side created from the undercut is much rougher
compared to the polished top surface. This could be a limiting factor on the optical
coupling efficiency, and minimizing the bottom roughness requires further effort on
optimizing the undercut recipe.
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Figure 3.5 - SEM images of nanobeams after mask removal with HF, under 45◦
tilting angle. (a-c) A free-hanging nanobeam attached to the bulk of
diamond, with (b) and (c) the zoom-in views of the connection and tail
area respectively (dashed rectangle in (a)). (d-f ) A detached nanobeam
lying on the diamond surface, with the sidewall facing up and bottom
side facing sideways. (e) and (f) are zoom-in views of both ends of the
nanobeam.

3.2. Creation and deterministic placement of NV centers
The creation of NV centers inside the diamond nanobeams is another crucial aspect
towards using the nanobeams as magnetometers. One of the most widely-used
approach of NV creation is ion implantation: nitrogen ions are implanted into the
surface of the diamond, and combine with the lattice vacancies in the subsequent
annealing process [17] to form NV centers. However, ion implantation is a
wafer-scale technique per se, while in order to realize a 2D scanning probe with the
nanobeams, the NV centers need to be located at the end of the nanobeams only.

Therefore, the deterministic placement of NV centers with respect to nanostructures
becomes a necessity. One possible approach of achieving this is to locate the
pre-implanted NVs with a marker system [18]: Before fabricating the nanostructures,
a marker system can be patterned on the diamond surface in order to precisely
determine the location of individual NV centers through their photoluminescence.
The nanostructures are then fabricated around the desired coordinates. Another
strategy is to implant nitrogen ions locally, enabled by a dedicated implantation
mask [19–21].

For our specific nanobeam geometry, however, we develop a novel strategy
that does not involve extra fabrication complexity in either alignment markers
or dedicated implantation mask. Utilizing the fact that the “end facets” of the
nanobeams are actually part of the sidewalls during the fabrication, we implant the
nitrogen ions directly into the sidewalls halfway in the fabrication process when



3

48 3. Fabrication of diamond nanobeams

the top surface is still protected by the existing Si3N4 hard mask. This way, the
implanted NVs will be self-aligned with the nanobeams and reside only at the
desired end facets. The details of this process will be discussed in following sections.

3.2.1. Angled ion implantation

In this section we discuss the process details of the angled ion implantation, and its
integration in the nanobeam fabrication workflow explained in the previous section.
The angled ion implantation process follows after the first anisotropic diamond
etch (section 3.1.5): We implant 14N ion (INNOViON Corp.) with 50 keV energy
and 1×1013 cm−2 fluence, oriented towards the end facet of the nanobeam with a
large 80º tilt with respect to the surface normal, as shown in fig. 3.6(a). This way,
the nanobeams will only be implanted on their end facets which are facing the
implantation, while the top surface will be shielded by the Si3N4 hard mask. The
implanted nitrogen atoms are expected to be centered at around 60 nm from the end
facet according to SRIM simulations [22], larger than commonly found NV-surface
distance in diamond scanning probes in order to minimize the potential effect of the
nanobeam sidewall roughness. This will be discussed in more details in section 7.2.3.

Nitrogen ion
implantation

Diamond substrate

Side View

SiNx hard mask 

10O

Implanted 
nitrogen

a b

Figure 3.6 - Angled ion implantation. (a) Side view of the implantation scheme.
Nitrogen ions are implanted at 10◦ shearing angle with respect to the
sample surface, and aligned with the nanobeam orientation. (b) 3D
view of the diamond after the implantation (left) and at the end of the
fabrication flow (right). The implanted sidewalls are marked in red.

After receiving the implanted diamond, we do another boiling piranha cleaning to
clean the surface, then proceed with ALD and continue the fabrication process. As
also mentioned in section 3.1.7, a second anisotropic diamond etch is performed
after re-opening the diamond top surface. This is because the unmasked top surface
of the diamond is also exposed to ion implantation (at a 10◦ shearing angle), and
the implantation induced surface damage or graphitization could possibly affect the
subsequent undercut process. Removing the surface layer ensures that the undercut
can start from a clean crystalline diamond surface.
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3.2.2. Post-implantation processes: Annealing and tri-acid cleaning

After the implantation, the implanted nitrogen can only combine with the lattice
vacancies created during the implantation and form NV centers through a subsequent
high-temperature annealing process [17, 23]. During the annealing, the lattice
vacancies become mobile at high temperature, and can therefore combine with
nearby nitrogen to form NV centers. The details of our annealing procedure will be
discussed in this section.

Temperature (◦C) RT → 60 60 → 400 400 400 → 800 800 800 → RT

Time (h) 12 6 4 6 2 ∼4

Table 3.10 - Temperature protocol for diamond annealing.

The full temperature protocol we use for annealing was developed in ref. [14]
and is listed in table 3.10. The annealing oven (Nabertherm) is pumped down to
∼ 4×10−6 mbar during the annealing process. Very importantly, for the angled ion
implantation workflow, we perform the annealing only after the final mask removal
step instead of directly after implantation, to ensure a clean diamond surface and
avoid any possible side-effect from the mask materials at high temperature.

The non-ideal vacuum condition during the annealing results in a graphitized
layer on the diamond surface, which could be an extra source of surface noise on
the NV centers [24], and therefore needs to be removed with tri-acid cleaning [25].
We note that, however, in the fabrication of our angle-implanted nanobeams we did
not tri-acid clean the chip: This is mainly due to the significant practical difficulty
of handling the thin diamond substrate throughout the cleaning process without
losing the free-hanging nanobeams by e.g. accidentally scratching on the surface
with tweezers. We do still get decent NV signal readout as will be discussed in
chapter 5, probably due to their relatively high density. A way of properly handling
the diamond substrate with nanostructures will be needed (e.g. a dedicated holder
to keep it fixed during acid clean) in order to completely clean the remaining
non-diamond carbon layer on the sidewalls facing implantation.

Nevertheless, since tri-acid cleaning is still a standard procedure for our diamond
fabrication in general, we discuss its details in the following paragraphs. In this
process, a boiling mixture of 60% perchloric acid (HClO4), 65% nitric acid (HNO3)5

and 96% sulphuric acid (H2SO4) is used to selectively remove the graphitized layer.
Due to the explosive perchlorate salt that could form from condensing perchloric
vapour, dedicated glassware and setup is needed in order to perform the tri-acid
cleaning safely in a standard wet bench.

The setup is illustrated in fig. 3.76. The air-tight configuration makes sure the acid
vapour stays inside the system. We load the diamond substrate(s) in a dedicated
teflon holder and dip the holder into the acid mixture inside the reaction flask. After

5Instead of fuming nitric acid commonly used for general acid cleaning.
6This setup is designed and constructed by E. Straver of Kavli Nanolab Delft.
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Figure 3.7 - Setup for triacid cleaning. 1:1:1 mixture of the three acids are heated
up in the reaction flask, and the evaporated acid vapours are cooled
down in the condenser and will flow back into the reaction flask. The
entire glassware set is sealed so no acid vapour can escape into the wet
bench, minimizing the risk of perchlorate salt formation. A thermometer
is directly dipped into the liquid to monitor its temperature.

assembling the setup, the acid is then slowly heated up until boiling, marked by the
bubbling of the liquid and the temperature no longer increasing. We keep the liquid
boiling for ∼1h, and then turn off the hot plate to allow cooling back down to room
temperature.

The maximum temperature we can reach in this process is around 120 ∼ 130◦C,
which is essentially the boiling temperature of 65% nitric acid. This limit is set by
the configuration of our setup: the evaporated acid is cooled down in the condenser
and flows back into the reaction flask, eventually keeping the temperature from
increasing further to >200 ◦C as reported in e.g. ref.[25] where the acid vapour is
recondensed in a different flask. This could potentially reduce the effectiveness of
the cleaning. One possible way of reaching higher temperature without a re-design
of the entire setup is to heat up only perchloric and sulphuric acid (as they are the
effective components for removing graphitized diamond), and do nitric acid cleaning
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to remove organic contaminants as a separate step beforehand. The first test run
sees an increasing of boiling temperature to around 190 ◦C, and the effectiveness
remains to be systematically characterized.

3.2.3. Photoluminescence characterization using a scanning confocal
microscope
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Figure 3.8 - Simplified schematics of the scanning confocal microscope. A 532 nm
excitation laser and a green light illumination LED is sent through the
microscope objective (50×) and shines on the sample surface. The lenses
in the path are arranged such that the excitation laser is focused on
the sample surface while the LED light is collimated for homogeneous
wide-field illumination. The telescope system adjusts the scanning range
of the laser spot. The pinhole combined with two lenses filters out
unwanted noise modes from the laser source.

Before proceeding with coupling the fabricated nanobeams to tapered fibers, we
first check the distribution of implanted NV centers with a free-space scanning
confocal microscope to confirm the existence of NVs at the tip of the fabricated
nanobeams.

The simplified schematic of this setup is illustrated in fig. 3.8. The sample is
mounted on a 3-axis micro-positioner (Mad City Labs). A CCD camera and a
green light LED allow illumination and navigation over the sample surface before
performing a scan (when the LED will be turned off to avoid extra background). A
2-axis galvo mirror (Thorlabs GVS212) is used to to steer the excitation laser beam
so that the focused laser spot is scanned in 2D over the sample surface, and the
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photoluminescence at the laser spot is collected by the avalanche photodiode (APD)
after filtering out the reflected laser using a dichroic mirror and a 600 nm long-pass
filter.
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Figure 3.9 - Photoluminescence intensity map of a nanobeam after annealing. (a)
Optical microscope image of one nanobeam device after the fabrication
flow. The red arrow indicates the direction of implantation. (b) PL map
of the black dashed area in (a). A laser power of 1.5 µW is used to
perform the confocal scan. The bright spot indicates the existence of NV
photoluminescence at the end of the beam.

This allows us to visualize the distribution of implanted NV centers through a
photoluminescence map, as illustrated in fig. 3.9(b). The PL map shows a distinct
bright spot at one end of the beam, indicating the presence of an NV ensemble
as expected from the implantation direction. Furthermore, the nanobeam shape is
outlined by an above-background photoluminescence level, and this is most likely
a combined effect of light scattering on the nanostructure, and the presence of
implantation along the sidewalls of the nanobeam due to the misalignment between
the implantation direction and the nanobeam orientation. Further confirmation and
analysis of the sidewall implantation will be discussed in section 5.3.2.

As a further confirmation of the implantation direction, fig. 3.10 shows the PL map
of two test structures, measured under the same conditions. These structures are
patterned on the same diamond substrate alongside the nanobeams, and receive the
same implantation. For the circular cutout in fig. 3.10(a-c), we observe a gradient of
PL intensity on one side of the circle, as expected for implantation at shearing angle.
Figure 3.10(d-f) shows a series of linear trenches perpendicular to the implantation
direction, with varying widths ranging from 1000 nm to 400 nm. As illustrated in
fig. 3.10(f), the sidewall implantation will be shadowed and the size of implanted
area decreases with decreasing trench width. This is confirmed by the decreasing PL
intensity in fig. 3.10(a).
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Figure 3.10 - Photoluminescence intensity map of test tructures fabricated
alongside the nanobeams. (a) PL map of a circular cutout, indicating
NV distribution only on one side of the circle. (b) SEM image of
the circular cutout (with 45◦ tilt), taken after the first anisotropic
etch. (c) Illustration of the implantation scheme. A gradient of NV
density distribution along the sidewall facing implantation is expected.
(d-f ) PL map, SEM image and schematic illustration of linear trenches
with varying width (indicated in nm by the numbers visible in (e)).
Decreasing NV density, and therefore decreaing PL level, is expected
and observed with decreasing trench width. The scale bar in (e) is
10 µm.
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Coupling diamond nanobeams to

tapered optical fibers

Birds of a feather,
we should stick together

BIRDS OF A FEATHER · Billie Eilish

Abstract
After the fabrication flow, the diamond nanobeams remain attached to the diamond
substrate through the thin connection point. In this chapter, we discuss the process
of breaking the nanobeams off the substrate, and subsequently coupling them to
tapered optical fibers. We first explain the fabrication of tapered fibers and the setup
we use to manipulate the nanobeams in section 4.1 and section 4.2 respectively. We
then discuss two strategies for coupling nanobeams to tapered fibers: breaking the
nanobeams off the substrate using the fiber itself and coupling via van der Waals
forces (section 4.3), and using optical glue for a more robust assembly (section 4.4).
With the latter, we show that we can realize a robust and transportable assembly,
ready to be used as an all-fiber scanning NV magnetometer.

Section 4.3 has been published as part of ACS Photonics 10, 6, 1859-1865 (2023), by Y. Li, F. A.
Gerritsma, S. Kurdi, N. Codreanu, S. Gröblacher, R. Hanson, R. Norte and T. van der Sar.

Section 4.4 has been published as part of New Journal of Physics 26, 10, 103031 (2024), by Y. Li, G.
Welker, R. Norte and T. van der Sar.
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Introduction
The optical coupling between the tapered fiber and the diamond nanobeam is
crucial as it directly determines the readout efficiency and therefore the sensitivity
of the probe [1]. In order to properly couple the fabricated diamond nanobeams to
the tip of the tapered fibers, experimental methods need to be developed to address
two major challenges:

• Breaking the nanobeams from the bulk diamond substrate: As discussed in
the previous chapter, at the end of the fabrication flow, the nanobeams are
free-hanging from the diamond substrate except for the connection point (will
be referred to as the “tether” for the rest of the thesis). We designed the
nanobeam patterns in such a way that the tether is thin (< 100nm) to facilitate
the breaking process, yet it is still non-trivial due to the difficulty of breaking
diamond on the nanoscale as will be shown in section 4.3.

• Optimizing the readout: Specifically, readout optimization is achieved in
practice by fine tuning the relative position between the tapered fiber and
the diamond nanobeam while monitoring the readout counts. While the
optimization is straightforward per se, another implicit challenge lies in
maintaining the optimized readout after the beams are broken off the substrate
and during actual scanning-probe operation.

Two experimental methods of fiber-nanobeam coupling will be discussed in this
chapter. In section 4.3, we address the above two aspects in one single step, by
directly using the tapered fiber itself to break the nanobeams and utilizing purely
the van der Waals adhesion for the coupling. The simplicity of this method comes at
the cost of reduced stability of the fiber-nanobeam coupling and less control over
their relative position after breaking. Therefore in section 4.4 we describe the second
method where the two challenges are addressed in separate steps. By applying
adhesive to the assembly, the robustness and stability of readout efficiency can be
greatly improved.

4.1. Preparation of the tapered fibers
Creating a gradual taper at the end of an optical fiber is crucial for the efficient
adiabatic mode coupling (section 2.4.1). The tapered fibers used through the rest of
the thesis are fabricated in-house by chemically etching the commercial single-mode
optical fibers (S630-HP) using hydrofluoric acid [2, 3].

We choose the S630-HP fiber because its pure-silica core has significantly lower
autofluorescence compared to the common germanium-doped silica core fibers. This
can be elaborated in fig. 4.1, where the autofluorescence distribution at the fiber
end-facet is imaged using a CCD camera (Thorlabs CS165MU). It is clearly visible
that for the germanium-doped core SM600 fiber, the autofluorescence is distinctly
concentrated at the core, and will therefore overlap spatially with the actual NV
signal that is also confined in the core. While for the pure-silica core S630-HP fiber,
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the autofluorescence is more homogeneously distributed across the end-facet and
the intensity at the core is significantly lower. More quantitative analysis on how the
fiber autofluorescence compares to the NV signal will be explained in chapter 5.

a b
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Figure 4.1 - Autofluorescence characterization of two single-mode fibers. (a)
Optical setup for visualizing the autofluorescence distribution of single-
mode fibers. 532 nm excitation laser is coupled into the fiber, and
the end-facet of the fiber is imaged using a CCD camera, with a
dichroic mirror and a 600 nm long-pass filter to remove the reflected
excitation laser. (b) Autofluorescence distribution on the end facet of an
SM600 fiber (left) and an S630-HP fiber (right). Both images are taken
under 1 mW excitation power measured before the fiber input, and the
exposure time of the S630-HP fiber measurement (150 ms) is double the
time of the SM600 measurement (75 ms).

The experimental procedure of tapering the fibers is illustrated in fig. 4.2(a): We
remove the plastic coating on one end of the fibers, and dip the exposed silica
part into 40% HF. The fibers are fixed onto a motorized stage (Thorlabs MTS50-Z8),
which allows us to pull out the fibers at a constant velocity (set to ∼ 0.4µms−1 in
our setup). As a result of the linearly increasing etch time towards the end of the
fiber, a linearly tapered profile is created with a sharp ∼ 3◦ taper angle (determined
by the ratio between etch rate of silica in HF and the pulling speed). A microscope
image of the tapered fiber is shown in fig. 4.2(b).

4.2. Experimental setup for fiber-nanobeam coupling
The need to accurately manipulate the nanobeams and align them with respect to
the tapered fibers requires control over their relative position at nanoscale precision.
To do so, we construct the setup illustrated in fig. 4.3.

The tapered end of the optical fiber is mounted on a 3-axis coarse positioning
stage, and the other end is spliced to an FC-APC connector for the in-coupling of
the excitation laser from free space. Fine tuning of the relative position between the
fiber tip and the diamond substrate is achieved with a 3-axis slip-stick positioner
(Mechonics MX-35) where the substrate is mounted. The positioner is further
mounted on a manual rotational stage to enable adjustments of the relative angle
between the fiber and the nanobeams. To monitor the manipulation process, a
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Figure 4.2 - Fabrication of tapered optical fibers. (a) Schematics of the tapering
process using 40% hydrofluoric acid. After removing a section of plastic
coating from the end of the fiber, we dip the stripped end into the HF
and pull it out with a motorized stage. The pull-out process takes about
1h and the resulting tapered section is 1 ∼ 2mm in length. In practice, a
thin layer of xylene is added on top of the HF to prevent its evaporation.
(b) Optical microscope image of a tapered optical fiber after the pull-out
process.
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Figure 4.3 - Schematics of the nanobeam manipulation setup. The sample is
mounted on a 3-axis slip-stick positioner, and the tapered fiber on a
manual 3-axis coarse positioning stage. The manipulation process is
monitored through the microscope system above the sample stage.



4.3. Direct breaking and coupling of nanobeams using the tapered fiber

4

63

microscope system is assembled on top of the sample, consisting of a long working
distance 50× objective (Mitutoyo M Plan Apo HR), a 650 nm long pass filter to filter
out the excitation laser, and a CMOS camera (Thorlabs CS165MU).

In practice, we fix the position of the microscope, and start the manipulation
process by placing the end of the fiber taper into focus using the coarse stage. We
keep the x and y position of the fiber fixed during the rest of the process, and only
use the motorized z axis of the fiber holder to bring the fiber tip in and out of
focus during sample stage movement. We then temporarily lift the fiber tip, and use
the slip-stick positioner to in turn bring the diamond substrate into focus. After
navigating to the vicinity of a nanobeam, we bring the fiber tip back into focus,
and proceed with the nanobeam manipulation procedure described in the following
sections.

4.3. Direct breaking and coupling of nanobeams using the
tapered fiber

In this section, we discuss our first successful strategy to break off individual tapered
diamond nanobeams and attach them to tapered optical fibers, by directly pushing
the fiber against the nanobeams and attaching them through presumably1 van der
Waals force [2, 4]. This method relies on the geometry of nanobeam design: By
designing nanobeams with large aspect ratios and nanometer-scale tethers, we can
overcome the large yield strength and the strong elastic deformation of diamond
nanostructures caused by the applied force, which enables us to break off the beam
while simultaneously attaching it to the fiber.

4.3.1. Breaking nanobeams off the substrate

To couple the nanobeams to a tapered optical fiber, we mount the nanobeam chip
on the slip-stick positioner. Monitoring through the microscope objective, we push
the fiber against the nanobeam by moving the stage perpendicularly to the beam
until the connection point breaks and the nanobeam sticks to the fiber. The sticking
is presumably due to van der Waals force. The process and end result are illustrated
in fig. 4.4.

4.3.2. Requirements on geometrical parameters

Compared to similar strategies of picking up nanophotonic structures made from
other materials, such as Si or SiN [2, 4, 5], the main challenge lies in the significantly
larger yield strength of diamond compared to glass [6]. Also, single crystal diamond
on the nanoscale is known to exhibit large elastic deformation before fracturing
when pressure is applied [7], as we also observe while pushing on the beam with
the fiber in fig. 4.4(b). The resulting abrupt motion when the beam breaks makes it
challenging to stick the beam to the optical fiber.

1As there could also be a contribution from electrostatic forces.
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Figure 4.4 - Assembly process of a fiber-coupled diamond nanobeam sensor. (a)
Schematic illustration of a tapered fiber brought into contact with a
nanobeam, fabricated using DNV-B14 diamond containing uniformly
distributed ensemble NVs. (b) Microscope image of the fiber pushing
sideways on the nanobeam (artificially colored in blue) to break the
∼ 70nm-wide connection to the diamond chip. Both beam and fiber
bend strongly before breaking. (c) After breaking off, the beam sticks
to the fiber (outlined with the dashed line). Through-fiber green-laser
excitation causes the bright NV photoluminescence along the entire
nanobeam visible in this camera image. The image is taken with a
650nm long-pass filter to block the excitation light. Right panel is a
zoom-in view and with higher excitation power, highlighting the NV
photoluminescence in the beam.

To overcome this challenge, we found it crucial to design beams that are at least
30µm in length, which also ensures the adiabatic change of the effective refraction
index according to ref.[8]. We also minimize the width of the tether by fabricating
an array of devices with varying tether widths, and use the beams with the thinnest
tethers that survived the fabrication process. Furthermore, the area of the open
region around the beam should be large enough (in our design 70µm×40µm) to
allow for the beam displacement during the breaking process. With these parameters,
we can fit more than 200 nanobeams devices on a 2×2mm diamond substrate and
complete the fabrication process in 4∼5 days of net cleanroom processing time.
After the fabrication, we are able to apply a large enough torque on the tether to
break the nanobeam off the bulk with a tapered optical fiber, and couple the beam
to the fiber in the same process. We find tether widths of 60-80 nm to be optimal,
where around 60% of the beams remain attached to the bulk after the undercut and
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subsequent acid cleaning. These nanobeams can then be picked up by the tapered
fiber with a success rate of 50% (five out of ten beams).

4.3.3. Limitations in position control and transportation

One major limitation of this workflow lies in the control over the angle and
position when attaching the nanobeam to the fiber. While we found that we can
consistently break off the beams and attach them to a fiber, their relative position
after the breaking process is not entirely under control due to the abrupt motion
of the fiber-nanobeam when the tether breaks. We expect that reducing the tether
width further, or reducing the nanobeam surface roughness via improved etching or
ion-based polishing [9], could improve the coupling efficiency.

Additionally, transporting the fiber-nanobeam probes assembled through this
method is challenging due to vibration and/or static electricity that cause the
nanobeam to detach. We found that the nanobeams stay attached to the fiber as
long as the devices are kept fixed in the setup. For instance, our nanobeams can
remain attached to the fiber in the setup for more than two months. The outstanding
challenge is the development of a method for dismounting the nanobeam-fiber
assembly and transporting it to a different setup for either scanning measurements
or further processes of enhancing adhesion.

4.4. Robust fiber-nanobeam assembly using optical glue
Given all the limitations discussed above, we need a more deterministic approach of
attaching the nanobeam robustly to the fiber with optimized optical readout. This is
crucial for realizing a sensor that is transportable to different setups and that does
not break upon probe-sample contact during scanning-probe measurements.

We therefore developed a new workflow of nanobeam coupling based the method
demonstrated in ref.[10]. Compared to the previous workflow, the major difference
(also the key idea) lies in the following two aspects:

• Splitting the “break” and the “stick”: Instead of relying on the proper
alignment of nanobeams directly at the breaking of tethers, we now break the
nanobeams off the bulk and place them on another carrier before sticking
them to the tapered fibers. On the one hand, this allows the use of a separate,
less flexible tip so that the breaking process is more under control. On the
other hand, this also dissociates the readout optimization process from the
abrupt motion at the breaking point and thereby allows the optimized coupling
to be maintained after sticking.

• Using an adhesive: In the most straightforward way, using an extra
adhesive solves the instability of the fiber-nanobeam coupling upon external
interrogation. The challenge here lies in the potential background fluorescence
from the adhesive. We therefore need to limit the amount of adhesive applied
to nanoscale, so that we don’t get excessive background or a drastic change in
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the optical modes from e.g. the formation of glue droplets in the coupling
region.

The details of the above aspects will be illustrated in the workflow discussed
in the following sections, where we demonstrate the fiber-coupling process of the
angle-implanted nanobeams discussed in section 3.2.

4.4.1. Workflow of gluing the nanobeam to the tapered fiber

To glue the nanobeam to the fiber, we first mount the diamond with the free-hanging
nanobeams (fig. 3.5) onto the slip-stick positioner and bring a nanobeam into
contact with a blunt glass tip (tip radius ∼ 5µm) attached in place of the tapered
fiber. We drive the positioner such that the tip pushes the nanobeam sideways
until it breaks off and sticks to the tip (fig. 4.5(a), i). We then remove the diamond
substrate, replace it with a silicon carrier chip, and temporarily place the nanobeam
on the chip edge (fig. 4.5(a), ii).

To apply the glue, we replace the blunt tip with the tapered fiber and the
nanobeam carrier chip with a chip carrying a small (∼mm-size) droplet of glue
(Norland Optical Adhesive 86H). Monitoring through the objective, we dip the fiber
into the droplet and then pull it out at a speed of about 1 µm/s (fig. 4.5a, iii).

While this speed is not a precise, quantitative requirement, we note that it is
crucial to keep the pullout speed low. This is to ensure that only a thin layer of glue
forms on the fiber. Specifically, the effect of different pulling speed out of the glue
droplet is illustrated in fig. 4.6: at about 50 µm/s, micron-scale glue droplets are
clearly visible along the fiber taper.

We then glue the fiber to the nanobeam in a way that aims to maximize the
optical coupling efficiency: We re-mount the nanobeam-carrier chip and bring the
glue-covered fiber into contact with the nanobeam lying on the chip edge (fig. 4.5(a),
iv). At this stage, the large contact area between nanobeam and carrier causes the
beam to remain stuck to the carrier chip. This enables adjusting the relative position
between fiber and nanobeam while monitoring the NV photoluminescence that we
excite and detect through the fiber (fig. 4.5(b)).

When the detected photoluminescence is maximal, we fix the fiber position and
illuminate the fiber-nanobeam assembly with a UV lamp (Thorlabs CS2010) to cure
the glue. After curing, the bonding between the fiber and the nanobeam is sufficiently
strong to overcome the adhesion to the carrier, such that we can detach the glued
assembly (fig. 4.5(a), v). White-light and through-fiber-excited-photoluminescence
images show the resulting fiber-coupled nanobeam sensor with the NV centers
embedded at the tip (fig. 4.5(c)). To further enhance the gluing stability, we unmount
the device and bake it (along with the holder it is mounted onto) on a hot plate for
about 8 hours at 80 ◦C.

We find that the glued connection is sufficiently robust to remain intact upon
vertical contact with e.g. a sample surface and subsequent micron-scale elastic
deformation of the fiber, up until the limit when the fiber tip itself breaks due to
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Figure 4.5 - Assembling the glued fiber-coupled nanobeam sensor with optimized
photon collection efficiency. (a) Assembly workflow using optical glue:
(i) A blunt glass tip is used to break the nanobeams off the diamond
substrate; (ii) The blunt tip places the nanobeam at the edge of a silicon
carrier; (iii) Optical glue is applied to the tapered fiber by dipping the
fiber tip into a glue droplet on another carrier chip, and then retracting
the fiber; (iv) The glue-covered tapered fiber is brought into contact with
the nanobeam on the edge, and the glue is cured with UV illumination
after optimizing the coupling between the fiber and the nanobeam;
(v) The glued fiber-nanobeam is retracted from the carrier edge. (b)
Simplified schematics of the optical setup. Two long-pass filters at
600 nm and 700 nm are placed in front of the photodiode to reduce
background photoluminescence. (c) Microscope image of the glued
fiber-nanobeam assembly under ambient illumination (left, the fiber is
false colored in blue) and with through-fiber 532 nm laser excitation
(right, with the red arrow indicating the end of the beam). Both images
are taken with a 650 nm long pass filter in front of the camera to block
the excitation laser.
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a b

Figure 4.6 - Microscope images of the tapered fiber after dipping into and
retracting from the glue. (a) Retracting with a speed of ∼ 1µm/s. (b)
Retracting with a speed of ∼ 50µm/s. Micron-scale droplets are clearly
visible.

excessive deformation2. This makes it possible to be used as a scanning-probe for
in-contact operation or potentially inside biological tissues.

4.4.2. Behavior of background fluorescence

Despite the effort of limiting the amount of glue applied, we do still observe a
distinct background autofluorescence after curing the glue. At the same time, we also
observe the bleaching of this background upon continuous illumination. Although
the attempt of quantifying the bleaching behavior did not yield any conclusive
result, probably due to its dependence on other varying environmental parameters,
the observations are still discussed here to provide practical insight.

A typical time trace of measured photoluminescence upon continuous laser
illumination is shown in fig. 4.7, where a distinct decay behavior is visible. Yet this
decay curve cannot be fitted accurately to a simple exponential decay, but rather a
sum of two exponential decays with different time constants. This could indicate
the existence of multiple factors affecting the collected PL: the bleaching of glue
fluorescence and fiber autoluminescence, the drift of coupling efficiency, change in
room temperature, etc. We also note that the values of fitted parameters in fig. 4.7
are not reproducible over measurements repeated at different times, probably also
due to the complicated dependence on various environmental parameters.

Nevertheless, we can still conclude that the background fluorescence can be
suppressed by continuous bleaching. Therefore, for all the characterization and
imaging measurements that will be discussed in section 5.3 and section 6.2,
the device has already been continuously illuminated with green laser light for
days to ensure the maximal bleaching of background before running the actual

2Since the tapered fiber tip is still extremely fragile from a macroscopic perspective, handling of these
devices (mounting, unmounting, transporting, etc.) should still be carried out with extreme caution.
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Figure 4.7 - Photoluminescence time trace measured from a glued fiber-nanobeam
assembly upon continuous laser illumination. 100 µW laser is sent
into the fiber, and the photoluminescence (long-pass filtered at 600 nm)
is measured through the course of ∼ 8h and plotted in grey. Red curve
plots the double exponential fit. The two components are plotted in
yellow and purple, with corresponding time constants of 1.2×103 s and
1.7×104 s (i.e. ∼ 20min and ∼ 4.8h) respectively.

measurement. The further characterization of the remaining background under such
conditions will be discussed in section 5.3.1.

4.5. Alternative approach: Nanobeam manipulation with
focused ion beam (FIB)

Aside from gluing, we also spent some time exploring alternative, glue-free
approaches of deterministic and robust fiber-nanobeam coupling, so that no extra
background is introduced. One of these attempts is to use a focused ion beam
(FIB) system due to its ability of sample manipulation on the nanoscale under live
SEM monitoring, as widely used in the preparation of TEM lamellas [11]. We will
elaborate in this section why we did not proceed with this approach in the end, yet
we do not fully exclude the potential to eventually realize glue-free robust coupling
using FIB. Therefore the efforts we made will still be briefly discussed for possible
future reference.

Two approaches of nanobeam manipulation are tested with a FIB-SEM system
(FEI Helios G4 CX, operating with Ga+ ion at 30 kV) and illustrated in fig. 4.8. In
the first approach (fig. 4.8(a),(b)), we mount both the diamond substrate and the
tapered fiber into the FIB chamber. Inspired by the TEM lamella preparation process,
we tried to approach the nanobeam with the built-in nanomanipulator (Thermo
Scientific EasyLift EX), and pick up the nanobeam by first using ion-beam induced
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Figure 4.8 - Attempt to couple the nanobeams to tapered fibers using focused
ion beam (FIB). (a) Schematics of envisioned nanobeam manipulation
process with the nanomanipulator. (i) The nanomanipulator is fixed to
the diamond nanobeam with ion beam induced deposition (IBID) at the
contact point. (ii) The nanobeam is broken off the diamond substrate
by either ion beam milling at the tether or directly pushing with the
manipulator. (iii) The nanomanipulator brings the nanobeam in contact
with the tapered fiber which is also mounted in the FIB chamber.
After adjusting their relative position under SEM inspection, IBID again
fixes the nanobeam to the tapered fiber, and the nanomanipulater can
then be detached by milling away the first IBID area. (b) SEM images
taken during a trial run, showing the nanomanipulator approaching the
nanobeam (left) and an unsuccessful attempt of fixing the nanobeam
to the manipulator using IBID platinum (right, the rectangular structure
at the manipulator tip is the deposited platinum). (c) Schematics of
envisioned cut-fiber approach. Ion beam milling is used to remove
part of the fiber taper and create a flat surface for larger contact area
between the nanobeam and the fiber. The cut surface is marked with
the red line.
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deposition (IBID) of platinum as a “glue” to fix the nanobeam to the manipulator
tip, then break the tether either mechanically or by ion beam milling. Once the
nanobeam is picked up, it can then be aligned and fixed to the tapered fiber under
SEM inspection also using IBID (fig. 4.8(a), iii). The second approach, on the other
hand, is simpler and only involves the tapered fiber: We tried to use ion beam
milling to shape the fiber tip such that it maintains a gradually tapered profile, yet
a flat surface is created to function as the contact area between the fiber and the
nanobeam. This way the adhesion can potentially by increased by the significantly
larger contact area.

In reality, however, the main reason to make both methods practically unfavorable
is the complication to deal with charge-induced distortion during milling or IBID.
Since both the diamond and the fiber are insulators, conductive coating (gold in our
case) is needed to make FIB operation possible on the desired sub-micron length
scale. Yet such complicated nanostructures are not trivial to be coated uniformly,
and might still suffer from charging after coating due to the free-hanging geometry.
Also, in order not to introduce extra effects on the optical readout, the coating will
need to be removed afterwards, which is again not trivial given the fragility of the
assembly.

The other potential risk of these methods is the gallium ion implantation
and SEM-induced hydrocarbon deposition near the NV centers in the nanobeam.
Although in principle neither approach requires ion beam milling or IBID directly
at the NV location, the range at which the ion implantation diffuses and their
possible proximity effect on NV centers need to be characterized. As such, the
above mentioned practical complications render the FIB approaches unfavourable
compared to the gluing workflow.
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5
Characterization of the fiber-coupled

diamond nanobeam probes

It was multidirectional,
wasn’t there to determine why.

It was plainly invisible,
like the depth of the blue sky.

Interdimensional · Cosmo Sheldrake

Abstract
In this chapter, we demonstrate through-fiber readout of the NV centers in
the assembled nanobeam devices and benchmark their performances. For the
nanobeams with homogeneous NVs and coupled via van der Waals forces, we
demonstrate through-fiber NV-ESR measurements in section 5.2, and apply two
independent methods on the same device to estimate the fiber-nanobeam coupling
efficiency. A similar characterization and coupling efficiency estimation is carried
out for angle-implanted nanobeams in section 5.3. Also in this section, we further
identify the effect of NV centers residing along the sidewalls of the nanobeams as a
result of implantation misalignment. We show that we can read out the end-facet
NVs with decent efficiency and isolate their contribution, enabling the determination
of magnetic field at the beam end-facet in scanning magnetometry measurements.

Section 5.2 has been published as part of ACS Photonics 10, 6, 1859-1865 (2023), by Y. Li, F. A.
Gerritsma, S. Kurdi, N. Codreanu, S. Gröblacher, R. Hanson, R. Norte and T. van der Sar.

Section 5.3 has been published as part of New Journal of Physics 26, 10, 103031 (2024), by Y. Li, G.
Welker, R. Norte and T. van der Sar.
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Introduction
The ability to excite and readout the NV spins inside the diamond nanobeams
lies at the basis of their application in magnetometry. Throughout this thesis,
two generations of fiber-coupled nanobeam probes have been developed: one with
ensemble NVs across the nanobeam and coupled using direct van der Waals forces,
and one with angle-implanted NVs at the tip of the beam and coupled using
optical glue. From this chapter on, we will refer to the two generations as the
homogeneous-NV probes and the tip-NV probes. Their performance in terms of NV
properties and readout efficiencies will be characterized in this chapter.

Specifically, the estimation of optical coupling efficiencies will be discussed in
detail, as it directly determines the magnetic sensitivity of our devices. Near-unity
coupling efficiencies for such adiabatic coupling interfaces have been demonstrated
in previous works through both simulation and measurements [1, 2], yet the
presence of the nanobeam end facet and the NV centers being close to the end
facet introduce extra complication for our devices. On the one hand, it limits the
theoretical maximum efficiency of NV readout as part of the photoluminescence
emission is in the opposite direction to the fiber. On the other hand, it is not
possible to measure the coupling efficiency through transmission or reflection of
excitation laser. We therefore use methods such as the optical saturation of NVs and
absorption cross-section to give a reasonable estimation, discussed in the sections
below.

5.1. Optical setup for characterizing fiber-coupled diamond
nanobeams

The optics for addressing NV centers in general consist of two parts: the green path
for excitation and the red path for detection. The only difference for our fiber-based
device is that both paths will be coupled into (or out of) a single-mode fiber. This is
illustrated in the simplified schematics in fig. 5.1, and the same optical setup is used
for all the optical measurements in the rest of the thesis.

The 532 nm excitation laser is sent through a single mode (SM) fiber (S630-HP,
same as the tapered fiber) for mode filtering, and further short-pass filtered at
550 nm to eliminate the residual 1064 nm components from the laser emission. A
dichroic mirror (567 nm short pass) then directs the excitation laser light towards
the fiber coupler and separates it from the photoluminescence coming from the
fiber. This photoluminescence is further long-pass filtered at 600 nm to get rid of
the remaining green laser reflected from the fiber coupler, and detected using a
fiber-coupled avalanche photodiode (APD, Laser Component COUNT-500N-FC). For
the measurements discussed in section 5.2, ND filters are added for the ensemble
NV photoluminescence to stay within the measurement range of our APD. The effect
of adding an extra 700 nm long-pass filter will be discussed in section 5.3.

For the rest of this chapter, the input optical power is measured with a power
meter in front of the fiber coupler, denoted as P1 in fig. 5.1. The actual optical
power coupled into the fiber is denoted as P2 and will be characterized separately
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Figure 5.1 - Optical setup (simplified) for characterizing fiber-coupled diamond
nanobeams. Components in dashed outline are present only in certain
measurements, specified in the corresponding sections of the thesis.
P1 ∼ P4 represents the power of excitation laser or red photoluminescence
(marked by the font color) used to determine efficiencies in the optical
path, measured at locations indicated by the arrow.

in the estimation of fiber-nanobeam coupling efficiencies, along with the collection
efficiency of red photoluminescence P4/P3.

5.2. Characterization of the homogeneous-NV nanobeam
probes

In this section, we discuss the readout and coupling efficiency characterization of
the homogeneous-NV nanobeam probes. These nanobeams are fabricated using
ensemble NV diamond (Element-six DNV-B14), with an estimated NV concentration
of 4.5ppm [3], corresponding to N ≈ 4.5×106 NVs per nanobeam (40µm long,
maximum cross section 0.5×0.5µm2 and tapered down to ∼ 0.1×0.5µm2 over 37µm
length).

5.2.1. NV-ESR readout and background fluorescence

To confirm that the photoluminescence we collect through the fiber is indeed
from the NV centers in the nanobeams, we first apply microwaves to the
nanobeam and perform continuous-wave ESR measurements. Furthermore, it is
also important to gain insight on possible sources of non-NV photoluminescence
in order to characterize and potentially improve the signal-to-background ratio of
our measurement. For the fiber-coupled nanobeams we discuss in this section,
the non-NV contribution is mainly the autoluminescence from the fiber itself. We
therefore also characterize the power dependence of the fiber autoluminescence.

We apply microwaves (Windfreak SynthHD) through a co-planar waveguide (placed
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Figure 5.2 - Through-fiber ESR measurement and background characterization. (a)
NV electron spin resonance (ESR) measurement at zero magnetic field,
measured using the setup discussed in section 5.1. 30 nW of excitation
laser is sent into the fiber and the photoluminescence response as a
function of applied microwave frequency is plotted. (b) Characterization
of fiber autoluminescence in our experiment. Photoluminescence from
a section of S630-HP fiber without nanobeams attached is measured as
a function of input laser power. The length of the fiber is kept the
same as the tapered fiber coupled to nanobeams. A linear fit gives an
autoluminescence rate of Γfiber = 4.8×103 s−1

µW−1.

∼ 50µm below the nanobeam, with 19 dBm power at the source output) to drive the
electron-spin resonance (ESR) of the NV centers. Figure 5.2(a) shows a characteristic
ESR spectrum measured through-fiber from our device, where the dips result from
the microwave-driven transition between NV spin states |mS = 0〉→ |mS =±1〉. Due
to the high NV density, we record the ESR signal with only 30nW of excitation
power. Following the methodology in Ref.[4], we estimate from the ESR spectrum
the shot-noise limited magnetic field sensitivity to be 4.2(3)µT/Hz1/2. This value is
also limited by the collection efficiency of our optical setup.

Comparing the low-power NV photoluminescence rate of 3.7× 107 s−1
µW−1

(fig. 5.2(a)) to the independently measured fiber autoluminescence rate of
4.8× 103 s−1

µW−1 (fig. 5.2(b)) shows that our signal is dominated by the NV
photoluminescence, with a signal-to-background ratio of 8×103. By normalizing the
photon count in fig. 5.2(a) to the total number of NVs N , we estimate the collected
photoluminescence rate of a single NV center to be ΓNV/N = 8.1s−1

µW−1 ≪ Γfiber.
Therefore in order to achieve efficient single NV readout where ΓNV/N ∼ Γfiber,
further effort is needed on both reducing the fiber autoluminescence and increasing
the NV photon collection efficiency.

5.2.2. Coupling efficiency estimation: the optical saturation approach

In the geometry of our fiber-nanobeam assembly, we do not have a way to determine
the photon coupling efficiency at the nanobeam-fiber interface ηnf through the
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transmission or reflection of the excitation laser light, as commonly used to
characterize such devices [2]. Therefore we adopt two approaches of estimating
ηnf, discussed in this section and the next. The philosophy of both methods is to
estimate the collection efficiency by comparing the measured NV photoluminescence
to the theoretical expectation based on the intrinsic properties of NV centers.

The first approach is based on the optical saturation behavior of NV centers: As
the photon emission of NV centers is essentially from a two-level system (i.e. the
same mS states of the ground state and excited state), the theoretical maximum
emission rate of an NV center is fundamentally limited by the finite lifetime of the
excited state, and will exhibit saturation behavior with increasing excitation power.
Therefore, the collection efficiency of the system can be estimated as the ratio of
measured saturated PL intensity and the theoretical value.
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Figure 5.3 - NV photoluminescence as a function of optical excitation power, fitted
with eq. (5.1) (red curve). The count rate on the y-axis is after
neutral-density (ND) filtering by a factor of 6×106. Error bars of the
data points are not indicated as they are smaller than the dot size.

In practice, we measure the the NV photoluminescence as a function of the
optical excitation power P in fig. 5.3. Assuming a simple two-level model for the
NV photodynamics, the NV photoluminescence is limited by the NV’s spontaneous
emission rate γ=1/(13 ns) [5]. As such, the photon count rate Γ detected by our
APD can be described by:

Γ= ηNγ
P

P +Psat
+Γdark. (5.1)

Here, η is the fraction of total number of photons emitted by the NVs that
is detected by our APD, Psat is the optical saturation power [4], and Γdark is a
power-independent background rate (including e.g. APD dark counts). Because of
the strong NV luminescence (fig. 5.3 and fig. 5.2(b)), we can omit the contribution
of fiber autoluminescence and fit eq. (5.1) to the data in fig. 5.3. We extract
η= 5.0(2)×10−10. Writing η= ηNDηDηnf, where ηND = 1.6×10−7 is the neutral-density
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(ND) filtering factor (fig. 5.1, in order to avoid over-saturating the APD) and
ηD = 3.5×10−2 is the optical efficiency of the other parts of our setup (characterized
separately, see section 5.1), we extract the photon coupling efficiency at the
fiber-nanobeam interface ηnf = 8.6(4)%. We note that the relatively small error
here derives from the fit uncertainty of η. However, other systematic uncertainties
are likely to play a more important role. For example, the two-photon-induced
ionization of the NV centers to the neutral charge state could affect the detected
photon rate due to the different spectrum of NV0 centers [6, 7]. We therefore use a
second approach to estimate ηnf.

5.2.3. Coupling efficiency estimation: the absorption cross section
approach

In the second approach, we estimate ηnf from the detected NV photoluminescence
using a literature value for the NV’s absorption cross section for 532 nm laser
excitation. Well below saturation power, this approach estimates the theoretically
expected PL intensity by estimating the rate of photons falling within the absorption
cross section area of all the NVs.

Consider a single NV center inside a diamond nanobeam. If the area of the
optical mode cross section inside the beam is approximately the cross section of
the nanobeam itself Abeam, then the probability for an NV center to absorb a single
photon and trigger an excitation will be

P = σ

Abeam
(5.2)

where σ = 3.1(8)×10−21 m2 is the absorption cross section of the NV center [8].
Therefore when a total of Nph photons enter a beam containing NNV NVs, the total
number of excitations (thus total number of emitted photons) will be

NPL = NphNNVσ

Abeam
. (5.3)

Note that the effect of saturation discussed previously is not taken into account here,
thus the optical power needs to stay well below saturation for this equation to hold.

Now consider a power of P being sent into the fiber with a fiber-coupling efficiency
of ηf. The rate of excitation photons that eventually end up in the beam mode will
then be

Γexc = P

ℏω
ηfηnf (5.4)

where ηnf is the nanobeam-fiber coupling efficiency, taking into account the light
coupling efficiency at the coupling interface and the efficiency of NV emission
coupling into the guided mode (averaged, as this could vary depending on the
location of the NV within the nanobeam). Thus the photoluminescence rate will be

ΓPL = P

ℏω
NNVσ

Abeam
ηfηnf (5.5)
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and the measured photon rate is (assuming coupling efficiency at the fiber-nanobeam
interface is equal for both directions)

Γmeas = P

ℏω
NNVσ

Abeam
ηfη

2
nfηD (5.6)

where ηD is the fraction of photons exiting the fiber that are eventually detected by
the APD.

Therefore from eq. (5.6) one can estimate ηnf from P and Γmeas, both of which
are measured experimentally. For the device mentioned in section 5.2.1, we
measured Γmeas = 1.08×106 s−1 at P = 30nW. To experimentally determine ηf, we
connect a non-tapered fiber (same model as the tapered one) in place of the
nanobeam-coupled tapered fiber, send in a green laser with power P1 measured
in front of the coupler (fig. 5.1), measure the power P2 at the output of the fiber
and determine ηf = P2/P1 ≈ 0.35. For ηD, we send in a red laser through the same
non-tapered fiber, measure the powers at fiber output (P3) and the APD fiber output
(P4), and determine ηD = P3/P4 ≈ 0.035. Substituting all the numbers into eq. (5.6),
we can calculate the coupling efficiency at the interface

ηnf = 14(2)%. (5.7)

In contrast with the first approach, this approach does not require saturating the
NV photoluminescence response and can thus be conducted at very low (nW) laser
power. This reduces the potential influence of two-photon-induced ionization of the
NV centers to the neutral charge state [6, 7].

5.2.4. Additional characterization of different devices

The coupling efficiency of our device is sensitive to the alignment of the tapered
fiber and the diamond nanobeam. The precise alignment is hindered by the abrupt
motion of the fiber-nanobeam when the tether breaks, thus inducing a variation of
coupling efficiency across different devices. To illustrate this, aside from the device
characterized previously, in fig. 5.4 we show ESR measurements on four different
nanobeams from the same fabrication batch and coupled to the same tapered fiber.
The coupling efficiencies for these devices are estimated using the absorption cross
section method, exhibiting a variation between 9% and 19%.

Furthermore, as a reference measurement, we also measured the ESR of the
nanobeams that are still attached to the bulk. Without the breaking process,
this allows optimizing the relative position between the fiber and the nanobeam,
by monitoring the photon count while adjusting the positioning of the fiber tip,
and thereby providing an estimation on the optimal coupling efficiency. Such a
measurement is performed on a 30µm beam (maximum cross section 0.5×0.5µm2,
tapered down to ∼ 0.1×0.5µm2 over 27µm length) attached to the bulk, with
optimized photon counts (fig. 5.5(a)). This measurement yields ηnf = 19(3)%.

As an additional note, in order to identify the origin of the ESR dip splitting
present in all measurements (in the absence of external field), we also measured
the ESR spectrum on the bulk of the same diamond through free space confocal
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Figure 5.4 - Through-fiber ESR spectrum of four different nanobeam devices,
measured at excitation power of (a) 35nW; (b) 30nW; (c) 25nW; (d)
40nW. The measured photoluminescence is after ND 1.3 filtering. Using
the absorption cross section method explained in the previous section,
coupling efficiencies on the fiber-nanobeam interfaces are estimated to
be (a) 9(1)% (b) 19(3)% (c) 11(2)% (d) 16(2)%.

illumination and collection, shown in fig. 5.5(b). Here we also observe the same
splitting, indicating that this is intrinsic to the specific diamond we use rather than
the nanobeam geometry. Actually, the splitting of ESR resonance at zero external
magnetic field is known to occur for such high-density NV ensembles, induced by
the random local electric field of the ensemble. This is thoroughly studied in ref.[9].

5.2.5. Discussion on the efficiency estimations

We expect the found values for ηnf to be conservative estimates of the nanobeam-
fiber coupling efficiencies due to the assumptions that all NV-emitted photons are
radiated into the beam and towards the nanobeam-fiber interface, and because our
two-level model neglects the non-radiative decay path via the singlet state that
reduces the total photon emission rate [10]. Also, since the optical lifetime of NV
centers depends on the electromagnetic environment, the lifetime of NV centers in
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Figure 5.5 - Reference ESR measurements for identifying the effect of the bulk
substrate. (a) ESR spectrum of a nanobeam that remains attached
to the bulk of the diamond, measured at excitation power of 31nW.
This beam has a total length of 30µm instead of 40µm for the beams
measured in figs. 5.2 and 5.4, and for this measurement we have a
different ηD = 0.042 due to switching of the collection fiber in front of the
APD. The efficiency on the fiber-nanobeam interface is estimated to be
19(3)%. (b) ESR spectrum measured on the bulk of the same diamond.
Free space laser excitation of 350nW is focused on the surface of the
diamond via a 50× microscope objective in a confocal microscope, and
NV photoluminescence is also collected using the same objective.

our nanobeams could be longer than that of NV centers in bulk diamond due to the
lower refractive index of air [11]. By using the bulk lifetime, we obtain an estimation
of the collection efficiency on the conservative side.

Compared to the state-of-the-art ηnf > 90% reported in Refs. [1, 2] for
single-wavelength (sub-nm spectral width) readout, an important difference in
our device is the wide-band spectrum (bandwidth ∼ 200nm) of the collected NV
photoluminescence. Also, as discussed previously, the precise alignment of the fiber
tip required to optimize the coupling efficiency is affected by the abrupt motion
of the nanobeam when the tether breaks. Other factors that reduce the efficiency
include the roughness on the sidewalls and bottom side of the nanobeams, which
can be improved by optimizing the fabrication process, for instance by ion-based
polishing of the nanobeam sidewall [12] or improved diamond etching.

We note that for these devices, the fiber autoluminescence would still exceed the
single-NV photoluminescence by about an order of magnitude even in the limit
ηnf → 1 (according to eq. (5.6), ΓNV,max/N = 4.1×102 s−1

µW−1). This indicates that
single-NV sensing will only be possible if the fiber autoluminescence can be further
reduced, as will be discussed in section 5.3.1.
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5.3. Characterization of the tip-NV nanobeam probes
In this section, we use similar methods to characterize the NV-readout properties of
the tip-NV nanobeam probes. For these probes, a small ensemble (∼1000) of NV
centers is deterministically implanted to the nanobeam tip, and the nanobeam is
robustly glued to the tapered fiber with a thin layer of UV-curing optical glue.

5.3.1. Characterization of through-fiber NV photoluminescence
readout
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Figure 5.6 - Characterizing the through-fiber NV photoluminescence readout.
(a) Electron spin resonance (ESR) signal of the NV centers in the
nanobeam measured through the fiber, measured with 30 µW of laser
excitation (measured in free space in front of the fiber coupler) at
zero external magnetic field, under 600 nm + 700 nm long-pass filtering.
A Lorentzian fit (red curve) yields a contrast of 10.0(2)% and a
7.1(3) MHz zero-field full width half maximum. (b) Optical saturation
of measured photoluminescence, measured under 600 nm + 700 nm
long-pass filtering. Additional neutral density filtering of ND1.5 is applied
before the APD, in order for the PL to stay within the measurement
range of our APD. Measured data (grey cross) are fitted with eq. (5.8)
(red curve). (c) Optical saturation measured under 600 nm long-pass
filtering, and the fit using eq. (5.8) (orange curve). Additional neutral
density filtering of ND3 is applied. The non-zero linear background
extracted from the fit is plotted as the purple dashed line.

Compared to the van der Waals-coupled homogeneous-NV probes, the extra gluing
step could result in an extra source of background photoluminescence. Therefore,
aside from the optical saturation measurement, we perform further analysis on
saturation and ESR measurements under different color filtering regimes to quantify
the effect of background photoluminescence.

Similar to the previous section, we first confirm the existence of NV
photoluminescence through the ESR spectrum of the fiber-coupled nanobeam sensor
(fig. 4.5(b)). Here we use a much higher 30 µW excitation power compared to the
previous section as the number of NVs is orders of magnitude lower. We drive
the ESR by applying a microwave current through a stripline on a chip positioned
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∼ 50µm below the nanobeam. We find that adding a 700 nm long-pass filter in the
detection path yields a 10.0(2)% ESR contrast (fig. 5.6(a)), which is 60% larger than
when filtering with only a 600 nm long-pass filter (fig. 5.7). This indicates a strong
background photoluminescence in the 600 ∼ 700nm range.

To determine the origin of this background, we measure the optical saturation
under two filtering conditions: 600 nm + 700 nm long-pass filters for the first
measurement (fig. 5.6(b)), and a single 600 nm long-pass filter for the second
measurement (fig. 5.6(c)). We fit both datasets to the model

I (P ) = Isat
P

P +Psat
+kP + I0. (5.8)

As discussed previously, the first term models the optical saturation of NV centers
[4], characterized by a saturation power Psat and an asymptotic intensity Isat. The
second term accounts for background photoluminescence, produced by e.g. the fiber
or the glue, which we assume to be linear with laser power with proportionality
constant k [13]. The final term I0 represents the dark count rate of our detector.

For the 600 nm+700 nm filtered measurement, the fit yields k = −0.01(7)×
106 s−1 mW−1, or k = 0 if we bound k to k > 0 (fig. 5.6(b)). We conclude that the
detected fiber or glue autoluminescence above 700 nm is insignificant compared
to the NV luminescence, indicating potential for reaching the single-spin regime.
For the 600 nm filtered measurement, the fit yields k = 0.016±0.015×106 s−1 mW−1

(fig. 5.6(c)). As such, the ratio between the NV signal and the background is still
Isat/kPsat ≈ 37 ≫ 1 for the low powers P ≪ Psat used in our measurements. Therefore,
this small linear background PL cannot explain the observed difference in ESR
contrast between the two filtering regimes (fig. 5.6(a)).

Therefore to further identify the composition of the measured photoluminescence,
we analyze two ESR measurements with the same laser (P = 11µW ≪ Psat at fiber
input) and microwave power (19 dBm at output). The only difference between the
two measurements is the presence/absence of an extra 700 nm filter. The normalized
spectra are plotted in fig. 5.7.

Under the assumption that the background PL from the fiber and the glue are
both linear to input laser power, the previous saturation measurement can already
exclude their contribution for the low-power measurement. We therefore attribute
this increase in contrast to the fluorescence from NV0 charge state, which does not
contribute to the ESR contrast and has a different spectral distribution. In this case
the total PL consists only of the NV− contribution I− and NV0 contribution I0, and
the ESR contrast can be expressed as

Ci =
rC−I−,i

r I−,i + (1− r )I0,i
, i = 1,2 (5.9)

in which C1 = 8.7(3)%, C2 = 5.5(1)% are the measured contrast under the two filtering
regimes, C− denotes the intrinsic ESR contrast of NV− independent of filtering, and
r is the fraction of NV− PL in the total PL (0 < r < 1).

We can calculate the normalized PL intensities I− and I0 from the spectral density
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Figure 5.7 - Normalized through-fiber ESR measurement at two different filtering
regimes. Both measurements are taken on the same device under the
same input laser and microwave power, with the only difference being
the presence/absence of the extra 700 nm long-pass filter. Lorentzian
fits are performed for both spectra, yielding contrasts of 8.8% for
600 nm+700 nm filtering (red), and 5.5% for 600 nm filtering (orange).

distribution P (λ) of NV− and NV0:

I−,i =
∫ ∞

λi

P−(λ)dλ, I0,i =
∫ ∞

λi

P0(λ)dλ, i = 1,2 (5.10)

Using the spectrum data from ref.[14], we have

I−,1 = 0.45(9); I−,2 = 0.98(1); I0,1 = 0.10(5); I0,2 = 0.68(7) (5.11)

where the relative uncertainties are estimated from the discrepancy between spectra
reported in refs. [14–16], possibly due to the sample and measurement conditions.
Substituting these values into eq. (5.9) allows us to solve for C− and r :

r = 0.4(2), C− = 0.12(3). (5.12)

The relatively low NV− concentration obtained here could be because of the presence
of NVs in the sidewalls along the nanobeam, which will be discussed in the next
section. These NVs are closer to surface, and are therefore more prone to ionization
upon surface defect. The value of r could also be underestimated if part of the
non-NV background also has a non-linear power dependence.

We thereby conclude that the background photoluminescence originates predomi-
nantly from neutral NV centers in the diamond nanobeam. Increasing the NV− to
NV0 ratio, for instance by diamond surface treatments [17], is therefore of primary
importance for future improvements of our fiber coupled sensors.
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5.3.2. Identifying implantation misalignment through scanning
magnetometry

Another extra complication involved compared to the homogeneous-NV probes is
the angled implantation process. Although in section 3.2.3 we confirmed the
spatial distribution of PL is concentrated at the beam tip, we cannot rule out the
possible distribution of low-density NVs along the nanobeam as a result of finite
misalignment between the implantation and the nanobeam orientations (which is
almost inevitable). Therefore in this section, we perform a scanning magnetometry
measurement using the tip-NV probe, and elaborate on the effect of misaligned
implantation.

3-axis 
stage

3-axis slip-stick stage

Sample on PCB

Permanent magnet

Function 
generator

A
Bias-T Attenuator

Microwave 
source

DC input DC + RF

RF input GNDMultimeter

50x objective

Camera

650 nm 
long-pass �lter...

...

Fiber-nanobeam NVsTo optics

Figure 5.8 - Schematics of the scanning magnetometry setup using fiber-coupled
nanobeams. It is based on the nanobeam manipulation setup shown
in fig. 4.3. The gold-on-silicon sample is wire-bonded to a PCB and
mounted vertically underneath the microscope objective. Both DC
current and microwave signal are applied to the microstrip through a
bias-T. A permanent magnet is mounted next to the positioner and
adjusted so that the external field aligns with one of the NV orientations.

We use our fiber-coupled nanobeam sensor to measure the magnetic field
generated by a DC electric current in a microstrip on a chip. The setup we use
to perform scanning magnetometry using the fiber-coupled diamond nanobeams
(fig. 5.8) is based on the nanobeam manipulation setup in fig. 4.3: The 3-axis
slip-stick stage is used to position the sample, and the fiber-nanobeam is fixed to the
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separate 3-axis stage for independent coarse positioning. The 50× objective provides
free-space visual access to monitor the probe-sample distance during the scanning
measurements when the sample is mounted vertically underneath the objective.

The sample consists of gold strips patterned on top of a silicon substrate via
evaporation (5 nm titanium + 100 nm gold, Temescal FC-2000) and lift-off. The DC
current is applied using a function generator (Tektronix AFG1062) and read out by a
digital multimeter wired in series with the sample. We apply the RF signal for driving
the NV centers through the same strip, using a bias-T (Mini-Circuits ZFBT-6GW-FT+)
to combine the RF and DC signal.

We mount the chip vertically with respect to the nanobeam and apply an external
magnetic field B0 along one of the four possible crystallographic orientations of the
NV centers to isolate their ESR transition (fig. 5.9(a)). To measure the field generated
by the DC current, we first position the beam at about 1 µm above an edge of the
strip. While we expected the ESR resonance to shift with respect to its value at B0

because of the microstrip field, we surprisingly observed that the ESR dip splits
(fig. 5.9(c)). By measuring the NV ESR spectrum in a line scan across the strip, we
observe the evolution of this split peak in the changing strip field (fig. 5.9(e)). A
strongly shifting dip and a weakly shifting dip are clearly visible.

The observed splitting of the ESR response indicates the presence of two
sub-ensembles of NV centers in our nanobeam that experience different magnetic
fields. Assuming the strongly shifting dip corresponds to the NVs at the nanobeam
tip (as these NVs should experience the largest magnetic field from the wire), we
can fit the magnetic field extracted from this dip to the calculated wire field at
a distance h above the sample. We find an accurate match with the data for
h = 1.8(2)µm. From the same fit, we can extract the NV angle θz (fig. 5.9(a)), as this
angle leads to a spatial asymmetry of the signal. We find θz = 43(3)◦. The difference
from the 35◦ angle expected from the crystal orientation indicates a small tilt of
the fiber-nanobeam with respect to sample surface. We conclude that, despite the
presence of a weakly shifting ESR resonance, we can accurately extract the surface
magnetic field using the NV ensemble at the tip.

We attribute the weakly shifting resonance to NVs that were spuriously implanted
into an unprotected beam sidewall because of a small misalignment during
implantation (fig. 5.9(b)). SRIM simulations of 50 keV nitrogen implantation at a
α = 1◦ misalignment angle with respect to the diamond surface yield an average
implantation depth of ∼ 10nm, sufficient to form a low-density, optically addressable
NV layer along the 40 µm-long beam sidewall. To check the validity of this
assumption, we model the measured ESR spectra I ( f , x) by integrating the ESR
response of NV centers that are partially located at the end facet and partially
distributed homogeneously along the beam sidewall:

I ( f , x) = 1

1+β
(

I0( f ,B(x,h))+ β

L

∫ h+L

h
I0( f ,B(x, z))d z

)
. (5.13)

Here, I0( f ,B) is the normalized PL intensity of a single NV center, B(x, z) is
the magnetic field in the nanobeam, h = 1.8µm denotes the tip-sample distance
determined previously, and L = 40µm is the length of the nanobeam. We assume all
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Figure 5.9 - Characterizing the NV distribution in a tip-NV nanobeam by imaging
the magnetic field of a current-carrying wire. (a) Side view of the
measurement scheme. The nanobeam is scanned above a 100 nm-thick,
10 µm wide gold strip on a silicon substrate. Idc = 20mA is applied
through the gold strip along with the microwave signal used to drive
ESR. An external magnetic field B0 = 7.31(6)mT is applied along one
of the four crystallographic NV orientations, at 35◦ with respect to the
beam axis (〈110〉) and perpendicular to the strip. We use the lower
ESR frequency of this NV orientation in subsequent magnetometry
measurements. (b) Illustration of how a small misalignment α during
nitrogen implantation can lead to NVs distributed along the beam
sidewall. (c) ESR spectrum measured at x = 0µm (left, cyan circle in
(a)) and x = 10µm (right, cyan square in (a)). The data (light grey) is
fitted with a double Lorentzian (red) to extract the contribution from
the end-facet (orange) and sidewall NVs (blue). (d) Top view of the
measurement scheme. (e) Left: Normalized ESR spectra measured across
the strip (dotted arrow in (d)). Middle: ESR frequencies extracted via a
double Lorentzian fit. We fit the extracted end-facet ESR frequencies
(orange curve) using a model of the wire magnetic field (green). Free
parameters are the offset and scaling in x, the lift height h and NV
orientation θz . The fit yields h = 1.8(2)µm and θz = 43(3)◦. Right:
Calculated ESR line shape across the strip based on eq. (5.13). The ESR
frequencies at the end facet (white dashed curve, same as the green
curve in the middle panel) are superimposed on the plot for reference.
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NV centers have equal contrast and linewidth. We weigh the relative contribution
of the sidewall NVs by a factor β, which parametrizes their different number
and coupling efficiency to the optical mode in the fiber. This model accurately
reproduces the measured split-dip ESR spectra (fig. 5.9(e), right) for β= 1.4.

Reducing the number of sidewall-implanted NVs would improve the signal-to-
background ratio and thereby the magnetometry sensitivity. We anticipate this
can be achieved by performing the angled ion implantation after the atomic layer
deposition step (section 3.1.6): With a 20nm layer of alumina uniformly covering the
sample, one could set the implantation energy such that the nitrogen ions would
be implanted into the diamond under the near-normal incidence at the end facet,
but would get trapped in the alumina for the grazing-angle incidence at the beam
sidewalls.

5.3.3. Estimating the coupling efficiency for end-facet NVs

Now that we are aware of the existence of sidewall NVs in the nanobeam, we can
go back to the optical saturation measurement in section 5.3, and estimate the
coupling efficiency of solely the end-facet NVs, as these are the ones that are useful
for magnetometry measurements.

The fraction of the end-facet NV contribution in the total measured PL can be
estimated from the contrast ratio extracted from fig. 5.9(c) left (where the dips are
most split):

βE = IE

Itot
= CE

CE +CS
= 0.43(7) (5.14)

where the subscripts E and S stand for the end-facet and sidewall contribution
respectively (Note that βE is different from the sidewall NV contribution β discussed
previously). We then scale the 600 nm filtered saturation curve in fig. 5.9(c) with βE

to extract the saturation intensity of the end-facet NVs

Isat,E =βEIsat,600nm = (5.6±1.1)×105s−1, (5.15)

from which the total collection efficiency of the end-facet NVs can be estimated as
the ratio of the detected saturation intensity and the theoretically expected saturation
emission rate:

ηE = Isat,E

NEΓ
, (5.16)

where NE denotes the number of end-facet NVs, and Γ= 1/(13ns) [5] is the expected
saturation photon emission rate of a single NV. In our measurement setup, ηE can be
expressed as the product of the fiber-nanobeam coupling efficiency ηE,f, ND filtering
ηND = 1×10−3 and the total detection efficiency of the optical path ηD = 0.14(2)
(including the loss through the optical elements and detection efficiency of the APD).

Here, the major uncertainty in estimating the fiber-nanobeam coupling efficiency
ηE,f lies in the NV number NE, due to the large uncertainty in the conversion
efficiency of the implanted nitrogen ions to NV centers. Taking the data from ref.[18]
as a reference and further considering the possible deviation from this dataset
caused by the presence of nanostructures, we assume the conversion efficiency to
be between 1%∼10%. This results in ηE,f = 2% ∼ 26%.
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Abstract
Based on the through-fiber readout of NV centers in the diamond nanobeams, in
this chapter we demonstrate magnetic imaging using our fiber-coupled diamond
nanobeam probes. Two different scanning-probe configurations are used for the two
types of nanobeams: In section 6.1, we discuss the 1D imaging of spin waves using
the homogeneous-NV nanobeams, and in section 6.2 we use the tip-NV nanobeams
to image the field profile of a current-carrying wire in 2D. For the latter, we also
demonstrate lift-height control and surface imaging through probe-surface contact,
enabling scanning-probe magnetometry without free-space optical access.

Section 6.1 has been published as part of ACS Photonics 10, 6, 1859-1865 (2023), , by Y. Li, F. A.
Gerritsma, S. Kurdi, N. Codreanu, S. Gröblacher, R. Hanson, R. Norte and T. van der Sar.

Section 6.2 has been published as part of New Journal of Physics 26, 10, 103031 (2024), by Y. Li, G.
Welker, R. Norte and T. van der Sar.
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Introduction
Combining scanning-NV magnetometry with an all-fiber optical interface could
open up new avenues for magnetic imaging in hard-to-reach environments, such
as low-temperature [1] or biological systems [2, 3]. The through-fiber readout of
NV spins characterized in the previous chapter has provided the basis for such
measurements. In this chapter, we proceed to discuss the integration of our probes
into scanning-probe configurations, and the realization of magnetic imaging. For the
two generations of nanobeam probes, different scanning configurations are applied,
and the details will be discussed in section 6.1 and section 6.2.

6.1. 1D imaging of spin waves in yttrium-iron-garnet (YIG)
For the first generation homogeneous-NV nanobeams, the through-fiber readout
signal will be a (weighted) sum over all the NVs within the nanobeam. Therefore
it is not possible to perform 2D magnetic imaging with a resolution below the the
beam length. Nevertheless, we can still use these devices to realize 1D imaging with
sub-micron spatial resolution by scanning the beam perpendicular to its orientation
(as will be illustrated in fig. 6.1), and study magnetic field profiles that are also
homogeneous along the beam. One such example is the stray field of spin waves:
the wave-like excitations of spins in a magnetic material [4].

In this section, we use the homogeneous-NV nanobeams to demonstrate the 1D
imaging of spin waves in a ∼ 250nm-thick film of yttrium iron garnet (YIG) [5]. In
our specific configuration, the spin waves have a planar wavefront: This allows us to
align our nanobeam parallel to these wavefronts and scan the nanobeam along the
wave vector orientation, thereby spatially mapping out the wave profile. The details
of this process are discussed below.

6.1.1. Spin wave dynamics

NV imaging of spin waves relies on resonantly driving the NV-ESR transition using
the stray magnetic field generated by the spin waves. To better understand the latter
and formulate the theoretical expectation of our measurement, here we first give a
brief explanation on the modeling of spin dynamics in YIG, based on the discussion
in ref. [6].

We consider our YIG layer as an infinite film parallel to the x y plane, infinite in x
and y with a thickness t in z direction, and the equilibrium magnetization points in
y . We can calculate the dispersion of the spin waves using the Landau-Lifshitz-Gilbert
(LLG) equation which governs the dynamics of magnetization

ṁ =−γm× (Beff +BAC)−αṁ×m (6.1)

in which m(r) is the unit vector in the direction of the magnetization M(r) = Ms m(r)
(with Ms being the saturation magnetization), BAC is the AC driving field, γ is the
gyromagnetic ratio and α is the Gilbert damping. The effective field Beff takes into
account the static external magnetic field B0, the demagnetizing field Bd and the
exchange interaction.
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Since spin waves are propagating waves of spin precession around the
magnetization axis in equilibrium, we are interested in the dynamics of the transverse
magnetization

m⊥ =χBAC,⊥ (6.2)

where m⊥ and BAC,⊥ are the components of the magnetization vector and AC drive
field transverse to the equilibrium magnetization orientation, and χ is the transverse
susceptibility. Following the formalism by Rustagi et al. [6], we can find χ by solving
the LLG equation in k-space, and determine the spin wave dispersion ωsw(k) by
finding the singularity of χ, which eventually gives us

ωsw(k) =
√
ω2ω3 −ω2

1, (6.3)

where k = (kx ,ky ) is the in-plane wave vector. Parameters ω1 ∼ω3 are in general
functions of the equilibrium magnetization orientation, the direction of k, effective
static field Beff and the film thickness t [6].

In our measurements, we apply the external magnetic field B0 = B0ŷ along the
y direction, and excite the spin waves in the Damon-Eshbach (DE) regime where
the wave vector k = kx̂ is perpendicular to B0. Under these conditions, ω1 ∼ω3 are
reduced to

ω1 = 0; (6.4)

ω2 =ωB +ωD k2 +ωM (1− f ); (6.5)

ω3 =ωB +ωD k2 +ωM f . (6.6)

where we defined ωB = γB0, ωD = γD/Ms with D being the spin stiffness
that characterizes the exchange interaction between spins, ωM = γµ0Ms , f =
1− (1−e−kt )/kt with t being the film thickness.

6.1.2. Imaging spin waves with NV centers

The precession of magnetization around the equilibrium magnetization axis y
generates a stray magnetic field that rotates in the xz plane at the spin wave
frequency ωsw. This AC magnetic field can be used to drive the ESR transition of
NV centers in proximity of the YIG film when ωsw matches the NV-ESR frequency
under the static external bias field B0. As demonstrated in refs. [7, 8], the wavefronts
of spin waves can be imaged through the contrast of the spin-wave-driven NV-ESR
signal. This can be understood as follows (following the discussion in ref. [7]):

In our measurement (fig. 6.1(a)), we use a stripline parallel to the y direction to
excite spin waves traveling in +x direction (so k > 0) with a planar wavefront. Close
to the stripline, we ignore the damping of spin waves, and write the stray field of
the spin wave as [7]

Bsw(x, t ) =−Re
(
Bsw,0e i (kx−ωswt )(x̂+ i ẑ)

)
≡ Re

(
(Bx (x)x̂+Bz (x)ẑ)e−iωswt

)
, (6.7)

where the amplitude Bsw,0 depends on the saturation magnetization, propagation
direction of the spin wave (i.e. sign(k)), ellipticity of the spin wave and the
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distance away from the YIG film. When ωsw is resonant with the NV-ESR transition,
such a stray field drives the |mS = 0〉 → |ms =±1〉 transition with a Rabi frequency
determined by the amplitude and handedness of the field component transverse to
the NV axis:

Ω±
R (x) = γp

2
|Bx′ (x)∓ i By ′ (x)|. (6.8)

Here we defined the local coordinates (x ′, y ′, z ′) of the NV center such that the
NV orientation aligns with z ′. For NV centers lying in the y z plane as in
our measurements, we have ẑ′ = n̂NV = ŷcosφ+ ẑsinφ, leading to the coordinate
transformation of Bsw:

Bx′ (x) = Bx (x),

By ′ (x) = By (x)sinφ−Bz (x)cosφ.
(6.9)

Substituting back into eq. (6.8) yields

Ω−
R (x) =p

2γBsw,0 cos2 φ

2
,

Ω+
R (x) =p

2γBsw,0 sin2 φ

2
.

(6.10)

The above results have two implications: As will be discussed in section 6.1.3,
in our measurements we have φ = 35◦, leading to Ω−

R ≈ 10Ω+
R i.e. the spin wave

drives predominantly the |mS = 0〉→ |ms =−1〉 transition. We will therefore focus on
this transition for the rest of this section. Also, Ω±

R are spatially homogeneous, and
therefore do not contain any information about the spatial profile of the spin waves.

In order to image the spatial variation of Bsw, we apply a spatially homogeneous
reference field with the same frequency and phase Bref(t ) through a bonding wire
located above the sample [7, 8]. In the NV coordinates, the reference field is written
as

Bref(t ) = Re
(
(Bref,x′ x̂′+Bref,y′ ŷ′+Bref,z′ ẑ′)e−iωswt

)
. (6.11)

Under the superposition Bsw(x, t )+Bref(t ), the Rabi frequency becomes

Ω−
R (x) = γp

2

∣∣∣∣2Bsw,0 cos2 φ

2
·e i kx + (Bref,x′ + i Bref,y′ )

∣∣∣∣ , (6.12)

which is periodic in x with the same period 2π/k as the spin-wave wavelength.
This allows the imaging of Bsw because the Rabi frequency directly determines the

NV-ESR contrast C−, through the relation[9]

C−(x) ∝ (Ω−
R (x))2

(Ω−
R (x))2 +∆ (6.13)

where the parameter ∆ is determined by the optical excitation power of NV centers,
therefore remains constant in our measurement scheme. As a result, the measured
ESR contrast along the spin wave propagation direction also has the same periodicity
as the spin wave itself, thereby enabling the imaging of spin wave through mapping
out the ESR contrast.
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6.1.3. Visualizing the planar wavefront with ensemble NVs in the
diamond nanobeam
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Figure 6.1 - Proof-of-principle scanning NV magnetometry with a fiber-coupled
diamond nanobeam. (a) Experimental geometry: A fiber-coupled NV
nanobeam is used to image spin waves in a 250-nm-thick film of
yttrium iron garnet. The YIG-nanobeam distance is ∼ 5µm. The beam is
scanned perpendicularly to the beam axis. The spin waves are excited
by a microwave current in a gold stripline (3mm×30µm). An auxiliary
wire drawn across the chip (not shown) provides a reference field
that interferes with the spin-wave stray field, creating a standing-wave
pattern in the microwave magnetic-field amplitude [7]. A static magnetic
field B is applied along the beam direction. (b) Microscope image of the
experimental geometry. (c) Scanning-nanobeam imaging of a spin wave.
The NV ESR contrast PL/PL0 is measured by switching on and off the
microwave drive at the NV ESR frequency. The error bars are estimated
from assuming shot noise of the NV photoluminescence during the
measurement time. A sinusoidal fit (red) gives the measured wavelength
λ= 5.0(1)µm.
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To implement the above discussed approach experimentally, we excite the spin
wave by sending a microwave current through a gold stripline on the YIG (fig. 6.1(a))
under a static external magnetic field B = 22mT. As explained in the previous
section, the spin wave generates a microwave magnetic stray field that drives the
NV spins when its frequency matches the NV ESR frequency, and we apply an
additional, spatially homogeneous reference field of the same microwave frequency
using a wire above the chip to create the spatial standing-wave pattern that we can
image via the NV ESR contrast. We scan the beam parallel to the sample surface and
perpendicularly to the beam axis (fig. 6.1(a)(b)), and measure the NV ESR contrast
by switching on and off the microwave drive at the ESR frequency f = 2.439GHz.

Figure 6.1(c) images the spin-wavefront in 1D with a resolution limited by the
beam width and beam-sample distance. For each data point, the photoluminescence
rates PL and PL0 are measured intermittently, by switching the microwave frequency
between f and f0 at a fixed interval δT = 0.01s for 4000 switching cycles, yielding
a total measurement time of T = 40s at each frequency. Because of the rapid
switching, 1/ f noise is suppressed and we expect photon shot noise to dominate the
uncertainty. With the shot noise given by ∆(PL) =p

PL ·T (same for PL0), the error
bars for the ratio of the photoluminescence rates plotted in fig. 6.1(c) are calculated
using

∆

(
PL

PL0

)
=

√√√√(
∆(PL)

PL0

)2

+
(

PL∆(PL0)

PL2
0

)2

. (6.14)

From a simple sinusoidal fit, we observed a wavelength of λ = 5.0(1)µm. This
agrees reasonably well with the 6µm expected from the spin-wave dispersion
(eq. (6.3)), given the uncertainty in the angle of the applied magnetic field.

6.2. 2D imaging of the magnetic field of a current carrying
strip

In section 5.3.2, we already showed the scanning measurement of the magnetic
field across a current-carrying wire using the tip-NV nanobeams. Ultimately, these
devices are developed for 2D magnetic imaging with sub-micron spatial resolution.
Therefore in this section, we extend from the same scanning configuration (figs. 5.8
and 5.9) and discuss the experimental procedure of realizing 2D imaging using the
tip-NV nanobeams.

6.2.1. Surface imaging and lift-height control using reflection at
probe-surface contact

One important challenge towards 2D magnetometry is the control over the
probe-sample distance: With the NV ensemble being confined within the sub-micron
scale beam tip, the spatial resolution of the nanobeam probes also holds potential
of reaching sub-micron scale. To fully exploit such potential, a mechanism for
controlling the probe-sample distance becomes necessary, so that the NV ensemble
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can be in sub-micron scale proximity to the sample. Besides, it is also crucial to
maintain a fixed tip-sample distance in the presence of thermal drifts and sample
tilts. As our setup does not have atomic force microscope feedback as in the
scanning cantilever configuration [10], an alternative method needs to be developed.
Another practical necessity specific to our fiber-based scanning measurements is the
ability to locate and navigate to the region of interest in the absence of free-space
imaging of the sample surface.

Here, we address both challenges by monitoring the photoluminescence at
probe-surface contact. Specifically, we bring the tip in contact with the sample, and
detect the point of contact through the increase of photoluminescence collection
due to reflection over the sample surface. We find that this increase is highly
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Figure 6.2 - Surface imaging through photoluminescence at probe-surface contact.
(a) Examples of recorded photoluminescence traces as the fiber-coupled
nanobeam makes approach towards a silicon surface and a gold surface.
The arrow indicates the point of contact, marked by an increase
in measured counts. The decrease in the PL trace of silicon after
contact results from the decreased coupling efficiency due to the elastic
deformation of the fiber-nanobeam assembly. When the deformation is
restored upon retracting the probe, the PL counts will also be restored.
For clarity, the two traces have been shifted horizontally so the contact
points align. (b) Relative PL increase at probe-surface contact mapped
out on a gold-on-silicon sample surface. The letters are patterned in
a 40 nm layer of gold on top of a silicon chip. At each pixel, a PL
trace as in (a) is recorded as the nanobeam approaches sample surface.
The relative increase of PL at contact is calculated as the difference
between averaged CPS before and after contact, normalized by CPS
before contact. The tilt in the image results from both drifting and a
slight mismatch between the forward and backward step sizes of the
sample stage.



6

100 6. Scanning-probe magnetic imaging with fiber-coupled diamond nanobeams

sensitive to the local sample reflectivity (fig. 6.2(a)), enabling through-fiber imaging
of the sample and thus precluding the need for free-space optics. One example of
the surface image obtained with this method is shown in fig. 6.2(b).

Furthermore, based on the through-fiber detection of contact, we achieve lift-height
control by retracting the tip by a fixed amount after contact is detected. Crucially,
our sensor remains intact under the repetitive tip-sample contacts, highlighting the
robust nature of the glued nanobeam-fiber assembly.

6.2.2. Visualizing magnetic field distribution in 2D

With height control and navigation in place, we demonstrate 2D imaging through
characterizing the magnetic field generated by a direct current that is sent through
an omega-shaped, 2 µm-wide gold strip (fig. 6.3a). We image the magnetic field of
the strip by measuring the ESR frequency of the end-facet NVs. To do so, we retract
the tip by ∼ 1µm after making tip-sample contact, measure the ESR spectrum and
extract the end-facet NV ESR frequency using a double Lorentzian fit as described in
fig. 5.9.

a b c
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Figure 6.3 - Magnetic imaging with electron spins in a fiber-coupled diamond
nanobeam. (a) Optical microscope image of the omega-shaped gold
strip. The width of the strip is 2 µm. (b) Through-fiber microscopy
of the omega-shaped strip. At each pixel, the nanobeam is moved
towards the sample. The increased photoluminescence upon contact is
shown in the image. (c) 2D map of the end-facet ESR frequency, with
B0 = 5.0(2)mT, Idc = 10mA and h ∼ 1µm. At each pixel, the end-facet
and sidewall ESR frequencies are extracted via a double Lorentzian fit
with the sidewall ESR frequency fixed at 2.729 GHz. White dashed lines
indicate the boundary of the gold strip inferred from (b). Both (b) and
(c) are post-corrected for drift based on the known shape of the strip
(see SI for the original drift-distorted image).

Due to limited signal to noise, we take the approximation to fix the frequency of
sidewall NV dips to f0 = 2.729GHz, corresponding to the ESR frequency under the
static bias field B0 = 5.0mT only. The extracted end-facet ESR frequencies encode
the projection of the total magnetic field onto the NV axis. As plotted in fig. 6.3(c),
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the expected near-uniform magnetic field within the ring and the magnetic field in
the opposite direction outside the ring are clearly observed.

We note that fig. 6.3(b) and (c) have been corrected for spatial drifting during the
scan. To illustrate this, we plot in fig. 6.4 the spatial map of fit parameters obtained
from the double Lorentzian fit before drift correction. Distortion in the x axis is
clearly visible in the plots, as a result of the drift of probe and sample position
during the ∼ 12-hour scan, executed line by line in x. This distortion is corrected by
manually aligning the left edge of the strip in the contact PL map, and applying the
same transformation to the ESR frequency map.

The limiting factor of the spatial resolution in this measurement is two-fold: First,
the NV ensemble implanted homogeneously into the (0.5×0.5µm2) beam end-facet
limits the spatial resolution. Low-nanoscale imaging therefore requires moving to

Figure 6.4 - Spatial map of the double Lorentzian fitting parameters before drift
correction. At each pixel, an ESR spectrum is taken and fitted to a
double Lorentzian as described in section 5.3.2, with the sidewall ESR
frequency fixed at 2.729 GHz. The fitted ESR frequency (top), contrast
(bottom left), full width half maximum (bottom right) of the end-facet
NV dip is plotted.
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single NV− regime. With the previous characterization of the negligible background
contribution (fig. 5.6), we already showed that single NV readout is possible under
600 nm + 700 nm long-pass filtering. Second, the reflection-based height control
we used in this work does not allow feedback control of the tip-sample distance
below h ∼ 1µm. To this end, we are working towards integrating our fiber probe in a
tuning-fork based atomic force microscope (AFM) system [11], based on gluing the
tip of the fiber to the tuning fork [12] or on keeping them in mechanical contact
with a dedicated scan head design [1, 13].
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7.1. Conclusion
To conclude, in this thesis we demonstrated the fabrication, assembly, characterization
and proof-of-principle application of scanning-probe NV magnetometers with fiber-
coupled diamond nanobeams.

Specifically, we showed that we can fabricate diamond nanobeams using reactive
ion etching of diamond. Combined with angled ion implantation, we are
able to deterministically create ensemble NV centers at the end facet of the
nanobeams. After the fabrication, we demonstrated two approaches of coupling
the diamond nanobeams to tapered fibers, forming a fiber-based scannning-probe
magnetometer. We showed that we can achieve through-fiber readout of NV centers
inside the assembled probes, and characterized the readout efficiency of different
fiber-nanobeam devices. Finally, we demonstrated proof-of-principle magnetic
imaging using our probes, through the example of 1D spin wave imaging and 2D
imaging of magnetic field generated by a current-carrying strip.

7.2. Outlook
As mentioned in the beginning of this thesis, our ultimate goal of developing
the fiber-coupled diamond nanobeam magnetometers is realizing low-temperature,
nanoscale scanning-probe magnetometry. From what we have achieved so far,
there are still multiple challenges that remain to be tackled in the future. In this
section, we will discuss the major foreseeable challenges towards low temperature
and nanoscale measurements, and propose possible ways to tackle them based on
our acquired knowledge.

The first three aspects that will be discussed are intended to bring the spatial
resolution down to nanoscale, in order to facilitate mainly the study of nanoscale
magnetism in condensed matter: We will discuss the possibilities of reading out
a single NV center through the fiber, controlling the probe-sample distance with
nanometer precision, and reducing the surface roughness on the beam end-facet
so that the NV can be placed closer to surface. Besides, we will also discuss the
magnetic sensing capabilities of tin-vacancy (SnV) centers in diamond, which offer
better compatibility with low-temperature operation compared to NV centers.

7.2.1. Towards single-NV readout

Using a single NV center as the sensor ensures that the spatial resolution is
not limited by the sensing volume. We discuss the possibilities of single-NV
magnetometry with diamond nanobeams from the following two aspects:

Creating single NV centers within the nanobeams:

Our current angled ion implantation protocol should already allow the creation of
single NV centers at the end of nanobeams. By lowering the implantation dose, an
average of one single NV center per nanobeam end-facet area can be realized with a
yield limited by statistical deviation. Because of the finite yield, it will be necessary
to pre-select devices containing single NV with ideal brightness and contrast, either



7.2. Outlook

7

107

via free-space photoluminescence characterization explained in section 3.2.3 or
through-fiber readout before breaking and gluing the nanobeams.

Another possible way to deterministically create nanobeams with single NV centers
at the tips is to locate pre-implanted single NVs with a scanning confocal microscope
as in fig. 3.8, and pattern the nanobeams around these locations [1]. At the cost of an
extra characterization step, this approach in principle allows placing the NV centers
at ideal locations within the nanobeams where collection efficiency is maximized.
The challenge here is in turn the precision of NV localization and nanofabrication:
In order for the NV center to be within nanometer-scale proximity to the beam
end-facet, the precision of NV localization will also need to reach nanometer-scale,
which is non-trivial for an optical method. Also, the uncertainty in the position of
e-beam patterning could also limit the eventual precision of NV placement.

Reading out single NV centers from the nanobeams:

Reading out single NV centers through the fiber interface, on the other hand,
should also be already possible with our current setup. According to the data
analysis in section 5.3.1, when filtered at 700 nm, the contribution of background
PL is negligible. Therefore in principle, there should be nothing that fundamentally
hinders the readout of a single NV center from a nanobeam. From the PL counts in
fig. 5.6(a), we can actually estimate (with a large uncertainty) that under our current
collection efficiency, the PL count for a single NV in our setup is on the order of
102 s−1

µW−1, assuming the number of NVs in the tip-NV nanobeams is on the order
of 103. If the collection efficiency (both at the fiber-nanobeam interface and in the
optical path) can be further improved, a single-NV count rate of ∼ 104 s−1 can be
achieved with excitation power less than 100 µW, sufficient for ESR measurements
considering the potentially higher contrast for single NVs.

Nevertheless, filtering at 700 nm is after all a compromising solution, removing the
background at the cost of sacrificing also more than half of the actual NV signal.
Therefore reducing the background fluorescence remains an important upcoming
challenge in order to maximize the chance of realizing single-NV readout and
improving the signal-to-noise ratio. It will be even more crucial when exploring the
sensing capabilities of tin-vacancy (SnV) centers (section 7.2.4), since the wavelength
of their photoluminescence is also below 700 nm.

And as the background fluorescence comes from mainly the glue and the fiber,
the challenge to reduce it also needs to be tackled from both sides. The fiber
autofluorescence can possibly be reduced by separating the excitation and detection
port by splicing the tapered fiber to a 2×2 fiber coupler, or using a hollow-core
photonic crystal fibers with one end spliced to a short section of tapered normal
fiber as demonstrated in ref.[2]. For the glue autofluorescence, possibilities include
replacing the optical glue by a low-autofluorescence photoresist [3, 4], or exploring
further down the glue-free coupling path we briefly touched upon in section 4.5 with
FIB methods.
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7.2.2. Height feedback with tuning-fork AFM

In the single-NV regime, the spatial resolution of the scanning-probe measurements
will be limited by the probe-sample distance. While in section 6.2.1 we showed that
the probe-sample distance can be controlled by optically detecting the probe-sample
contact and retracting the stage, the precision of this method is limited by the
optical readout noise and is hard to reach further down to sub-micron scale without
increasing the integration time. Also, having to make contact with the sample at
every pixel can also cause damage to specific types of samples such as 2D materials.
It is therefore necessary to implement a different mechanism for controlling the lift
height of our nanobeam probe in order to realize nanoscale imaging.

As has been widely applied in scanning-probe NV magnetometry with diamond
cantilevers [5], this is possible by incorporating the scanning probe into a tuning-fork
atomic force microscope (AFM) structure. By fixing the probe to the prong of a
tuning fork, the van der Waals force between the probe tip and the sample surface
when they are in close proximity will modify the resonant frequency of the tuning
fork, allowing the feedback control of the probe-sample distance through tracking
the resonant frequency.

Tuning fork

(Side view) (Side view) (Top view)

Tuning forkTuning fork

Sample

Diamond 
nanobeam

Tapered 
�ber

glue

a b c

Sample
Sample
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End of the 
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�ber

Figure 7.1 - Envisioned schemes for implementing tuning-fork AFM on fiber-
coupled diamond nanobeams. (a) Schematics of gluing the tapered
fiber parallel to the prong of the tuning fork. (b) Schematics of achieving
lift-height feedback through the mechanical contact between the fiber
and the tuning fork. The fiber is perpendicular to the tuning fork
prongs in this regime. (c) Microscope image of a preliminary attempt of
bringing a tapered fiber in contact with the tuning fork.

Here we propose two possible approaches to implement fiber-coupled diamond
nanobeam sensors into a tuning-fork AFM structure, as illustrated in fig. 7.1. In
the first approach, the tapered fiber is glued to one prong of the tuning fork [6],
and the tuning fork can thus detect the tip-sample interaction through its resonance
frequency. To realize such an assembly requires developing a workflow for the
precise gluing of tapered fibers onto tuning forks, as well as designing a scan head
to mount the structure on top of the sample. In the second approach, the lift-height
control is instead realized through the mechanical contact between the tapered fiber
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and the tuning fork, as has been used in scanning-SQUID measurements [7]. No
precise gluing is needed for this approach, and it could be even possible to adjust
the NV orientation during a measurement by rotating the fiber. The challenge again
lies in the design of a dedicated scan head and ensuring the stability of the assembly
in the absence of adhesive.

7.2.3. Surface roughness at the tip of the nanobeam

Compared to the diamond cantilever scanning probes, an important difference
for the diamond nanobeam probes is that the NV centers need to be close to
the sidewalls of the nanostructure, instead of the top surface of the diamond
substrate. This is relevant because the sidewalls, created during the fabrication
process, are much rougher than the diamond surface that is mechanically polished
pre-fabrication, visible in figs. 3.3 to 3.5. For our tip-NV nanobeams, this has not
been a critical issue since on the one hand we have many NVs per nanobeam, and
on the other hand the implantation depth (∼ 60nm) is relatively large compared
to the roughness and the NVs are therefore less affected. Yet for an individual
NV center close (usually on the order of 10 nm or lower for the cantilevers) to
the surface, the actual probe-sample distance could be uncertain as the roughness
becomes comparable with the implantation depth, and the coherent properties of
the NV could also be severely affected.

The stripe-shaped roughness on the diamond sidewalls is a combined effect from
non-ideal e-beam lithography, hard mask etch and diamond etch, and is common
for nano/microstructures created via reactive ion etching [8]. Therefore, optimization
of various parameters of these fabrication steps is necessary to reduce the sidewall
roughness, as demonstrated in refs.[9, 10].

Besides, during the course of this project we also briefly explored the possibility
to improve the sidewall roughness via ion beam milling, illustrated in fig. 7.2(a).
This approach is inspired by the ion beam polishing of diamond surface [11].
Since diamond requires significantly higher ion energy and fluence to be effectively
polished and that the Si3N4 hard mask is already rough on the sidewalls after the
CHF3 etch (fig. 7.2(b)), we tried to instead use ion beam polishing to improve the
sidewalls of the Si3N4 hard mask. Figure 7.2(b) and (c) show the change in the
sidewall profiles of a Si3N4 on Si test structure after 2h argon ion beam milling
(SCIA Mill 150) at a 4◦ shearing angle with respect to the substrate surface. The
sidewall facing the ion beam shows improved smoothness, plus angled bevels at the
corners. This is more obvious in fig. 7.2(d), where a structure of the same shape on
the same substrate is placed perpendicular to the ion beam and is milled for 6h. A
clear difference between the roughness profile of the side facing the ion beam and
the opposite unmilled side is visible.

These preliminary characterizations indicate that it is possible to use ion beam
milling to polish the sidewalls of the hard mask, given that the (incident-angle-
dependent) milling rate and the beveled corners are quantitatively characterized and
taken into account prior to pattern design.
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400 nm
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(Side view)
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Figure 7.2 - Effect of ion beam milling on the sidewalls of the hard mask. (a)
Schematics of ion beam polishing. The substrate is mounted at shearing
angle with respect to the argon ion beam. (b) Top view SEM image of
a 200 nm-thick Si3N4 test structure (lighter shade) on a silicon substrate
(darker shade). Sidewall roughness on the order of 20∼ 30nm is visible.
(c) The same structure in (b) after 2h ion beam milling with 100 keV
argon ion at 4◦ with respect to the substrate surface. The blue arrow
indicates the orientation of the ion beam. (d) Top view of a Si3N4

test structure on the same substrate that is perpendicular to the ion
beam, after 6h ion beam milling with the same parameters. Roughness
difference between the side facing the beam and opposite side is visible.

7.2.4. Low-temperature magnetometry with tin-vacancy (SnV) centers

One important future application of our fiber-coupled probe is scanning
magnetometry at low temperature, facilitated by the all-fiber optical interface. As
such, it could be an excellent platform for exploring the sensing capabilities of
group-IV color centers, which have proven to be more stable against surface charge
noise at low temperatures [12–14]. Considering the low-temperature instability of NV
centers [15], this could be a more promising alternative for implementing single-spin
magnetometry eventually in the mK regime.

Specifically, we are interested in the possible magnetometry capability of
tin-vacancy (SnV) center in diamond - a defect consisting of a tin atom in
between two adjacent vacancies in the carbon lattice [16]. In recent years, it
has emerged as a promising platform for quantum information processing thanks
to its better properties as a qubit compared to the NV center, such as stronger
zero-phonon-line (ZPL) emission and better stability against electrical noise. And
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since the manipulation, readout and magnetic field dependence of the SnV spin
states are also already experimentally demonstrated [14], they can in principle also
function as magnetometers.

Towards the realization of low-temperature SnV magnetometry, major challenges
could include the following aspects:

• Resonant excitation and readout of SnV centers: A crucial part of manipulating
and reading out the spin states of a SnV center is the resonant excitation of
these states, using a tunable laser at around 620 nm. While this has already
been demonstrated experimentally [13], extra challenges still apply for our
fiber-based devices. Compared to the off-resonant excitation regime of NV
centers, the fiber-coupling efficiency could be different and the composition of
background fluorescence also needs to be characterized. Also as mentioned in
section 7.2.1, since it is not possible anymore to filter out the background at
700 nm, alternative methods to suppress the fiber and glue autoluminescence
will be required.

• Establishing sensing protocols: One possibility of SnV magnetic sensing is
measuring the Zeeman splitting of their ground states via phololuminescence
excitation (PLE), as demonstrated in fig.2 of ref.[14]. Whether this is a feasible
solution for scanning-probe measurements remains to be tested experimentally.

• Characterizing magnetic field sensitivity: Ultimately, whether SnV centers can
be a practical magnetic sensor at low temperatures is very much dependent
on their magnetic field sensitivity. It is therefore crucial to characterize the
sensitivity of possible sensing protocols, and see how it compares to the
existing NV-based solutions.
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most important chapter of the entire thesis. As the first (if not the only) thing that
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a proper thank-you note to the people without whom this journey would not be
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not yet permanently lost.
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about, outside those 100+ previous pages of science.

1But, my friend, if I get you here, I would actually like to use this opportunity to recommend reading
also the rest of my thesis, at least the introductory sections - I did spend some effort to hopefully
make them understandable!

2Well, at least the good parts, which are fortunately also most of the parts. The complaints are
instead addressed (implicitly) in some of my propositions, in case you are curious.
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