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Abstract

Optical near-field (ONF) theory has recently started to receive a lot of attention in
the academic landscape, and its applications show promise for improving nanoscale
fabrication and nanoscale sensing applications. They are locally induced amongst material
surfaces when being illuminated by far-field light sources, and it was found that these
localized ONFs can interact with their surrounding and cause surface structure changes. In
this thesis three experiments are presented in which ONF based photochemical reactions
were used to condition sample surfaces. It is found that these photochemical reactions are
able to reduce the surface roughness as well as increase sensing parameters of specific
samples. In the first experiment (Chapter 4), ONF based photochemical reactions, hereby
called near-field (NF) etching, are used to reduce the surface roughness of photoresists.
Both light sources used, 325 nm and 405 nm, for inducing the ONFs, are able to reduce the
surface roughness of the photoresist. On top of that, 325-nm light reduces the overall width
of the photoresist structure. In the second experiment (Chapter 5), NF etching is used to
improve the surface conditions of Nitrogen-vacancy (NV) nanodiamonds in order to
improve NV spin properties. NF etching seems to remove paramagnetic noise along the
surface of the NV nanodiamond, and it is found that with ongoing etching time the T»
coherence time and the full-width at half-maximum (FWHM) value, obtained from the
emission spectrum, are being improved. The effectiveness of NF etching has been further
confirmed by detecting a significant size reduction of the nanodiamonds through an atomic

force microscope (AFM). In the third experiment (Chapter 6), localized ONFs induced in



Au nanoparticles (NPs) (typically ~6 nm) are used to catalyze the photosensitized reduction
of silver-ions. This experiment is performed in order to obtain a more fundamental
understanding of the ONF power-dependence, by using synthesized silver as an indicator
for the NF magnitude.

Overall, these results show that our NF based processing techniques can be used to
improve lithography based nanoscale fabrication of semiconductors, by reducing the
photoresist roughness, and improve nanoscale magnetic sensing applications, by
prolonging electron spin properties in NV nanodiamonds. The etching results are
interesting since they are performed under ambient conditions, based on a non-contact
etching technique and can generally be used to improve any nanoscale surface-reliant

application.
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Chapter 1.

Introduction

1.1 Background

We currently have a principal idea about ONF theory, mainly through first principle
simulations, however experimental data is still lacking for a more fundamental
understanding of ONFs. In fact, one area of ONFs which has been to some extent studied
through experiments is NF etching. Previous research confirmed that we can use ONFs as
catalysts for photochemical reactions, especially in form of etching which resulted in ultra-
flat surface conditions (much smoother than conventional chemical/mechanical surface
flattening techniques), however, those experiments have been mostly performed on
inorganic materials, which due to their innate sturdiness can be rather difficult to be shaped
(often too little change visible under e.g. atomic force microscope (AFM)). Hence in this
thesis NF etching is being applied on a novel material, organic photoresists. Since they
naturally have a higher porosity then inorganic materials, etching effects should be more
visible (easier removal of atom layers). There are two main benefits of studying NF etching
on organic photoresists. First of all, we will be able to see NF etching effects more clearly
(due to organic photoresists porosity). Secondly, NF etching shows potential to improve
high-end industrial lithography fabrication of nanoscale semiconductors. It is well known
that due to the low dimensions we are moving towards, sub 10nm, scattering losses play

an increasingly crucial role. And NF etching could be the game-changer for sub 10nm



photoresist lithography, since its surface roughness reduction surpasses all other currently
available flattening techniques.

Building on the successful results of the NF etching experiments on photoresists
(surface conditioning as well as size control), | figured that nitrogen-vacancy (NV)
nanodiamond for magnetic sensing could be another application which drastically benefits
from NF etching. Nanodiamonds generally have a higher surface-per-volume ratio than
bulk diamond and often suffer from paramagnetic residue, such as termination groups,
originating from their fabrication processes. Unfortunately spin coherence times of NV
centers are quite susceptible to paramagnetic noise in its surrounding. NF etching has the
potential to remove paramagnetic noise on the NV nanodiamond surface and thus improve
NV electron spin properties, especially the coherence time To, resulting in an improvement
of NV nanodiamond magnetic sensing applications. By successfully improving NV
nanodiamond sensing, NF etching can be considered as a serious candidate for improving
surface -reliant high-end industrial applications.

After proofing the effectiveness of NF etching in high-end industrial applications,
it would be nice to deepen our fundamental understanding of NF etching. More
specifically, etching parameters, such as wavelength or excitation power, are still not fully
understood. Since etching is overall tricky to evaluate (e.g. inherent variance in surface
roughness between samples or low-rate etching rate of NF etching), it should be easier to
observe ONF based synthesis. For this purpose, a photosensitive silver-ion solution is being
used, which can produce solid silver agglomerations when hit by the right photon energy.
The trick is hereby to induce this reaction by using a far-field light source weak enough to

be solely responsible for silver induction. The idea is that only with the help of localized



ONFs (amongst gold nanoparticles, since they are ideal for NF experiments) the
photochemical reaction can take place. As a result, the induced solid silver can be used as
an indicator for the presence of ONFs. The results obtained in this experiment help us to
solidify NF theory from an experimental point of view. Also, by studying the dependence
of NF parameters, such as far-field wavelength and power density, we can ultimately
understand the role of specific parameters for applied NF techniques (i.e. etching), and thus

further improving NF etching applications.

1.1.1 Next generation photolithography based on photoresists

Gordon E. Moore predicted in the 1970°s that the number of transistors on an
affordable CPU would approximately double every 18 months [1], meaning that every two
years people would have access to computers approximately twice as fast. However as
electrical components have shrunk below the 10 nm mark [2], and parasitic effects such as
electron tunneling make further size reduction difficult, Moore's Law is starting to come to
an end. As we continue with structures below the 10 nm mark, and the desire to go even
smaller still prevails, the impact of parasitic parameters, such as scattering losses through
the surface roughness (SR) is increasing as well [3]. There are a wide-range of attempts to
further enable the downscaling of electrical components, e.g. transistors, in an attempt to
maintain Moore's Law [4,5]. As a part of this, we explore new manufacturing techniques
[6] in addition to novel materials [7] and they are continuously being proposed in the
scientific and industrial society. One of the next-generation candidates for the sub 10 nm

mark is Extreme ultraviolet lithography, currently using 13.5 nm. EUV is being developed



for high volume use by 2020 (e.g. Intel 7 nm by 2019, Samsung 7 nm by 2020) [Intel 7nm
by 2019, Globalfoundries EUV by 2020, Samsung 7nm by 2020, TSMC 5nm by 2020].
Since most future fabrication techniques are still based on lithographic systems, SR
values could suffer on smaller scales, due to the so called resolution (R), line-edge-
roughness (LER), and sensitivity (S) trade-off (RLS trade-off) principle for highly precise
lithography [8]. The trade-off relation is between the resolution, line edge roughness and
sensitivity of the lithography. And as expected, one of the most important criteria for new
materials and techniques to be a realistic candidate for sub 10 nm fabrication is a low SR
value, especially for high-end lithography (such as Extreme ultraviolet lithography), due
to the mentioned trade-off relation. When considering ways to reduce SR values, polishing
is the most often sought-after technique. However, the ordinary chemical mechanical
polishing (CMP) technique [9] is usually restricted by the inherent surface roughness of
the polishing pad, typically within the micrometer range, as well as by the diameter of the
chemical slurry particles itself, which is most often in the 100 nm range. [10]. This means
that reducing the surface roughness to values far below the 100 nm range might be quite
tricky to accomplish when only using the conventional CMP method. Even more so, the
high cost and limited material availability for the rare-earth material CeO2 which is used
in CMP, causes people to start looking for alternative etching techniques. We hereby
introduce the novel etching technique, the so called NF etching, to further realize SR
reduction without using conventional etching techniques (such as CMP) and ensure

roughness values of sub 1 nm.



1.1.2 NV nanodiamond magnetic sensing

The NV center in diamond has become a promising candidate for quantum
computing applications as well as magnetic sensing applications, especially in
biotechnology [11-15], due to its atomic-scale size which allows it to get into close
proximity to its target as well as a stable coherence time (T2) and accessibility even at room
temperature. We will demonstrate the effectiveness of NF etching for improving NV
nanodiamond spin properties (the full width half maximum (FWHM) value obtained out
of the optically-detected magnetic resonance (ODMR) spectrum as well as its T> coherence
time). The NV center can conveniently be read out by a controlling laser, and from the NV
spin resonances (e.g. ODMR) as well as its shift when exposed to magnetic fields, we can
deduce its magnetic sensitivity, which is generally dependent on NV coherences properties
[16]. Another example for sensing applications would be to directly observe the change in
the NV coherence time when being in close proximity to magnetic molecules [17]. This
latter method has also been labelled as by the term “quantum sensing” [18]. Regardless of
which approach we take for NV sensing, the importance of T for either technique prevails.

Another thing we should consider is quantum computing, and its critical
requirement of a qubit candidate to have long enough coherence times. More precisely, the
coherence time is the time in which the system stays in a superposition state, in which it is
generally sensitive towards external magnetic effects, or in the case of quantum computing,
the time where it can be effectively used for the transmission of quantum information. It
was previously announced by D. DiVincenzo that for a quantum qubit system to be a valid
guantum computing candidate, it needs to have a long enough coherence time. More

precisely, to have a coherence time which is longer than the gate operation time [19]. This



makes up one of the most important criteria in our search for the perfect quantum qubit
candidate. Unfortunately most of our current qubit candidates, especially considering room
temperature operation, have a rather short coherence time, meaning that they lose their
quantum information too quickly. One possible solution to this problem would be
increasing the coherence time of qubit candidates by conditioning their surfaces, i.e.
removing magnetic noise on their surfaces and thus increasing their coherence times. In
chapter 5 it is my goal to push the coherence time of the NV center to its maximum.
Previously it was already possible to achieve coherence times within the minute range,
mainly by making use of ionized donors in combination with special optical methods and
dynamical decoupling [20], however it is still of great interest to find simpler techniques
which can at the same time work under ambient conditions, such as the NV center is often
used in. The NV center is an excellent candidate for qubit and sensing applications, since
it naturally has got some excellent properties, such as long electron-spin coherence and
relaxation times and also stable magnetic and optical characteristics [21-26], in addition to
the fact that diamond is an excellent candidate for biological applications as well, due to
its non-toxicity. NV centers can be driven remotely by optical pumping (532 nm). Together
with using microwaves to cause the electron spin population to oscillate between its
respective energy levels, we can basically remotely initialize, drive and read out the NV
center [27,28,29]. Normally, under room temperatures, the coherence time of the NV center
typically lies within the microsecond range [30], while the current record of 1.8 ms has
been achieved by the usage of an ultrapure isotopically engineered single-crystal chemical
vapor deposition (CVD) method. This was basically realized by first of all purifying the

diamond in order to decrease the amount of additional defects in the crystal. Next,



isotopically engineered carbon, which only consists of the nuclear-spin-free *2C isotopes,
are used as the main component of the diamond crystal.

Contrary to NV spin improvements based on new fabrication techniques, post-
fabrication surface conditioning techniques (e.g. etching) could be more easily accessible
and reproducible. In regards to etching methods which can improve the coherence times of
NV centers in diamond, some previous research performed a wet surface etching technique
(wet oxidative chemistry combined with annealing at 465 C) on bulk diamonds [31].
Nevertheless, there is currently no report of a reliable etching method for NV
nanodiamonds aiming to improve their coherence properties. Hence chapter 5 shall focus

on the improvement of electron spin properties of NV nanodiamond.

1.2 Relationship between the chapters

From here onwards the thesis will be divided into six chapters. Chapters 2 and 3
will give a fundamental introduction to ONF theory and its application, NF etching.
Chapters 4 and 5 consist of NF etching experiments aiming to improve nanoscale
fabrication and nanoscale sensing applications. More specifically, in Chapter 4, NF etching
will be applied on organic photoresists (CAR) in order to gain a more fundamental
understanding of how NF etching can modify a samples shape. NF etching has been
performed on various inorganic materials already with significant results in terms of
reduced surface roughness values. However, due to the high mass density and robustness
of most inorganic materials, NF etching effects can often be difficult to observe. Therefore
in this thesis organic photoresists will be used to study NF etching more thoroughly.
Organic photoresists have a lower mass density than inorganic materials and it should

therefore be easier to observe structural changes on them. At the same time, organic



photoresist used in the high-end lithography industry suffer from stochastic effects (in form
of LER or structural misalignment), so it might be interesting to see whether NF etching
has the potential to improve photoresist for industrial purposes. On a more experimental
side, it will be interesting to find the significance of different wavelengths for NF etching,
and the etching duration overall. The photoresists are hereby evaluated by an AFM,
allowing us to observe surface changes. In addition to understanding how NF etching
causes surface changes in samples, it would be nice as well to understand how NF etching
affects the surface chemistry of samples. However, due to the small dimension (typically
lower nanometer range) direct surface chemistry observation seems difficult (e.g. XPS,
EDS). As such, in Chapter 5, the NV spin properties, which are directly dependent on the
diamond surface chemistry, are being studied in order to (indirectly) derive the relationship
between NF etching duration and surface chemistry modification. Hereby the ideal NF
etching parameters (i.e. duration and wavelength), which showed the greatest structural
change in the samples, obtained in Chapter 4, will be used again in Chapter 5.

Contrary to the previous two chapters, Chapter 6 describes an experiment in which
ONFs are used for synthesis. This chapter focuses more on the fundamental limitations of
NF-based processing techniques (i.e. etching, synthesis). In Chapter 4 and Chapter 5 a
couple of etching parameters were not yet fully understood, such as the power dependency
of NF etching. As such, Chapter 6 will use Au nanoparticles (average diameter of the
sphere ~ 6 nm) which are an ideal source for the generation of ONFs. The reason why we
use NFs for synthesis instead of etching is that synthesis is much easier detectable than
etching. Hence, the NF-photosynthesized Ag along the Au NPs shall serve as an indicator

for the intensity of ONFs. The experimentally obtained power-dependency of the NF-based



synthesis will be compared to its theoretical values, and will thus serve as further proof for
the importance of ONFs for our reactions.

In Fig. 1.1 we can see a brief version of my research timeline over the course of my
PhD. Promising results in the preceding chapters allowed me to dive deeper and deeper

into NF based experiments and as a result obtain a general picture of how NF etching can

influence various sample parameters.

Ve

Chapter 4

1. Find optimal NF-etching
parameters:;

- Wavelength, duration

2. Organic photoresist easier
to etch:

- Observe etching behavior

- Improve high-end
lithography
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Chapter 5 ‘

1. NF-etching-caused
surface chemistry ‘
modification difficult to
observe directly:

- NV spin properties (surface ‘
chemistry dependence)

- Improve high-end NV
sensing applications

- topological change =
improve material
performance

Figure 1.1. Connection between thesis experiments.

Chapter 6
1. Fundamental examination
of ONFs:

- Silver synthesis as indicator
for NF presence

- Au NP 5nm = high ONF

- NF-based synthesis
exponential power
dependency

The last chapter briefly summarizes the results and significance of the previous chapters.
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Figure 1.2. Structure of this thesis.

1.2.1 Chapter 2 Optical near-fields
This chapter will explain about the basic theory behind ONFs. The chapter will also

include example applications which could potentially benefit from ONFs. Also, | will
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explain more concretely which optical phenomena (e.g. ONF-based second harmonic

generations) are important to understand for the following parts of the thesis.

1.2.2 Chapter 3 Fundamentals of NF etching

Chapter 3 dives more into the practical side of NF theory, namely NF etching. NF
etching has previously been performed for improving surface conditions (i.e. reducing
surface roughness) in flat samples as well as sharpen edge contrasts in three-dimensional

objects.

1.2.3 Chapter 4 Reducing organic photoresist surface roughness

Chapter 4 shows NF etching applied in a high-end industrial application, namely
sub-10nm photolithography using photoresists. For these next-generation fabrication
techniques, roughness parameters play an increasingly crucial role (due to scattering
losses), and | will demonstrate how NF etching can help to maintain low roughness
parameters in the sub-10nm dimensions as well as reduce the amount of structural defects

(i.e. bridges).

1.2.4 Chapter 5 Improving NV nanodiamond electron spin properties

Chapter 5 shows NF etching applied in another high-end industrial application,
namely NV nanodiamond magnetic sensing. The effectiveness of these nanodiamond
sensors is highly dependent their surface condition (i.e. low amount of noise). | will
demonstrate how NF etching can help reducing the amount of surface noise, and thus

increase their sensing capabilities.
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1.2.5 Chapter 6 Synthesis of Ag nanoparticles by NF based photo-reduction of Ag*
Chapter 6 is an attempt to directly proof the magnitude of localized ONFs, by taking
advantage of a photosensitive silver-ion solution (whose reaction will be triggered by NFs).
The fundamental results obtained in this chapter will improve further etching applications
(by deepening our understanding of etching parameters) as well as generally give us a

clearer insight about NF theory (from an experimental point of view).

1.2.6 Chapter 7 Conclusion and outlook
Chapter 7 is listing the conclusions from the three experiments, Chapter 4, 5 and 6,
in addition to an overall conclusion of my thesis. This chapter also talks about the outlook

of the experiments performed in this thesis.
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Chapter 2.

Theory of optical near-fields

2.1 Optical near-fields

Optical near-fields (ONFs) are continuously receiving more and more attention due
to their non-uniform properties and the related physical phenomena. In Fig. 2.1 we can see
a simplified visualization of how ONFs are induced in sub-wavelength systems. The
incoming far-field photon cannot propagate as usual through systems which have a smaller
dimension than the photon itself. However the polarization of the incoming light, i.e. the
direction of the electric field, let electrons in these sub-wavelength objects oscillate
accordingly. A result is that the electrons within the sub-wavelength system distribute
themselves along the system, in accordance to the incident light polarization, resulting in
net charge differences across the sub-wavelength system. Equation 2.1 shows the general
formula for induced electrical dipoles, as stated in Jackson's Classical Electrodynamics

[32].

e ()= {anpn-p} 1 {3(n-p)n-p} ik e @)

—+(nxp)xn—
r r r
dipole L
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Incident light

Figure 2.1. Localized ONF induced around a nanoparticle [33].
Scheme of induced localized ONF on a nanoparticle (sub-wavelength system) induced by

incident light. (Reprinted with permission from M. Yamaguchi et al. Appl. Phys. Lett. 106,
191103 (2015). Copyright AIP Publishing LLC).

As mentioned before, Fig. 2.1 shows a simplified sketch of the far-field photon
interaction with the sub-wavelength system (nanoparticle (NP)). The yellow sphere
hereby represents the localized ONF which is induced across the nanoparticle by the far-

field light source. More specifically, due to the polarization of the incoming far-field

light, a dipole is induced across the nanoparticle with the following equation
— €d~¢€o
P( = ¢o (¢ (2.2)

eat2e) @ @@
Where P(t) stands for the induced dipole, and Eex(t) stands for the electric field of

the far-field source. From the dipole equation we can deduct the following equation for

the electric field of the ONF:
_ 1
b (007 —

= ¢
13



366r(9)]

(2.3)

15






From the equation it becomes apparent that effects of the ONF can only be fully

seen at very close proximity to the ONF source.

Uncertainty principle (AxAk ~1) => Large Ak

AN NN S

T T S, T [T

\/\/\/\/\/

Figure 2.2. Uncertainty principle [33].

Light

Uncertainty principle of the ONF (yellow sphere) photon. (Reprinted with
permission from M. Yamaguchi et al. Appl. Phys. Lett. 106, 191103 (2015).
Copyright AIP Publishing LLC).

Fig. 2.2 illustrates another interesting characteristic of the ONF photon. Due to the
very small spatial displacement (Ax), the uncertainty principle commands that the particle
shall have a consequently high wavenumber. This characteristic becomes relevant when
considering ONF applications for e.g. indirect bandgap excitations.

The most relevant ways in which ONFs can interact with common applications are

on a quantitative and a qualitative basis.

2.2 Quantitative difference through NFs
In this segment 1 would like to point out example applications in which ONFs

have been shown to help improve the said applications (e.g. via signal enhancement).
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Enhanced field {1/
Molecule

Metal substrate

Figure 2.3. Surface enhanced Raman spectroscopy [34,35].

NF enhanced Raman spectroscopy (SERS). Surface-enhanced Raman spectroscopy
produces inordinate enhancements compared to the conventional Raman spectroscopy.

Fig. 2.3 depicts a classical application based on ONFs; the NF enhanced Raman
spectroscopy (or called surface-enhanced Raman spectroscopy (SERS)). SERS produces
inordinate enhancements compared to the conventional Raman spectroscopy, due to the
increased local electromagnetic field due to the electromagnetic properties of metal

nanoparticles, including their strong potential for induced localized ONFs.

Figure 2.4. Two-photon spectroscopy gold nanorods [36].
Two-photon spectroscopy. Fluorescence samples consisting of a mix between cancer cells

and gold nanorods. a) showing the image magnitude when assisting the spectroscopy with
NFs, b) conventional image.

In Fig. 2.4 the authors demonstrated that combining their cancer cell samples with

gold nanorods as a bright contrast agent for two-photon luminescence imaging can

16



significantly improve the measured signal. More specifically, it was found that the two-
photon luminescence signal of the gold nanorods was by 3 orders of magnitude higher than

the two-photon autofluorescence emission of the cancer cells themselves.

Figure 2.5. Plasmon based photovoltaic devices [37].

Improved energy conversion of photovoltaic devices based on plasmonics generated in the
yellow layers between the potential layers of the photovoltaic devices.

In Fig. 2.5 we can see an application of photovoltaic devices in which plasmonic
induced field enhancement from sub-wavelength objects along the intersection of the

device was used in order to increase the absorption efficiency of said devices.

2.3 Qualitative difference through NFs

In this segment | would like to show how ONFs can qualitatively change

applications due to the non-uniformity of its electric field
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Figure 2.6. The non-uniformity of ONF.

Incident far-field photon (black wave) induces localized ONF (bright yellow) in the sub-
wavelength system. The immediate surrounding of ONFs is exposed to a non-uniform
electric field (red lines), allowing us to neglect the conventional dipole-approximation.

(Reprinted with permission from M. Yamaguchi et al. Appl. Phys. Lett. 106, 191103 (2015).
Copyright AIP Publishing LLC).

As can be seen in Fig. 2.6, due to the strong non-uniformity of the electrical field
of ONFs, target objects in close proximity to the ONF cannot be any longer regarded to be
in a simple dipole-approximation model.

More interestingly, phenomena such as the second harmonic generation (SHG)
which under far-field conditions is strongly dependent on the symmetry of the object, can
occur more easily under NF conditions.

The reason for this is that when regard a symmetrical model as well as an
asymmetrical model, both under far-field conditions, and a symmetrical model cannot
induce second harmonic generations. Under far-field conditions, second harmonic
generations can only occur if the object has an asymmetrical geometry. However, due to
the strong non-uniformity of the NF, second harmonic generations can also occur in objects

with symmetrical geometry under NF conditions.
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Chapter 3.

Near-field etching

3.1 Near-field (NF) etching principle

In this chapter | would like to outline the general motivation of our laboratory to
improve the surface condition (esp. surface roughness) of various devices. We believe that
as we move towards smaller sizes (lower nanoscale) there is an increasing demand to

ensure that nanoscale devices have smooth surfaces in order to avoid scattering losses.

® Light source

Etching molecules
(Dissociation energy, Egi) O N F

Ra:0.37nm * Ra :0.09 nm

Figure 3.1. Scheme of NF etching [38].
(@) Scheme of how NF etching is assumed to work. Pink spheres represent the induced

localized ONFs. The etching agent are gas molecules in the air. (b) Typical before and
after image showing how NF etching can reduce the surface roughness.
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NF etching is able to improve surfaces by removing surface impurities and
protrusions and can thus help improve electrical and/or optical performance of nanoscale
devices. As can be seen in Fig. 3.1a, it is assumed that the etching effect originates from
radical gas atoms from the air. These strongly reactive atoms interact with the sample
surface, resulting in etching. It is important to notice however that in order for the photo-
dissociation of the gas molecules (into radical atoms) to happen, we need the ONFs. During
NF etching the sample surface is being illuminated by an ordinary far-field light source,
with the only requirement being that the photon energy of the far-field light source lays
below the direct photo-dissociation energy of the etching agent (most often O molecules)
(see Fig. 3.2). The result is that the photo-dissociation can only occur whenever far-field
photons are somewhat combined with NF photons, in order to reach the photo-dissociation
level of the etching agent. In Fig. 3.1b we can see a typical AFM image of a surface which
has been conditioned by NF etching. The NFs are induced on sub-wavelength objects,
which in our example (Fig. 3.1a) are the protrusions along the sample surface. As a result,
the photo-dissociation of the gas molecules only occurs in the direct vicinity of the
localized ONFs (pink spheres), meaning that etching only occurs in the direct vicinity of
the localized ONFs as well. It means that NF etching in theory is a nice self-regulating
etching technique, hence more protrusions (higher roughness) means more induced
localized ONFs and thus more etching, while less protrusions means less induced localized
ONFs and thus less etching. NF etching is normally performed under ambient conditions,

since we need the gas molecules in the air.
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Figure 3.2. The photo-dissociation of Oz by ONF [39].
Diagram of the photo-dissociation energy level of the O molecule. The anti-bonding
energy state can in theory only be reached with the additional energy of the localized ONFs

(yellow sphere). (Reprinted with permission from M. Yamaguchi and K. Nobusada, Phys.
Rev. B, 39, 195111 (2016). Copyright 2016 American Physical Society).

3.2 NF etching and other gases in air (besides O2)

Since NF etching experiments are being performed under ambient conditions (room
temperature, air, pressure, etc.) we need to consider the possibility of other common gases

in air being a source for NF etching. As such, let us first look into the composition of our

ambient atmosphere (Fig. 3.3).
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A Rest =
0.04338

Figure 3.3. Atmospheric composition [40].

Diagram of the main constituents of Earth’s dry atmosphere.

Besides O2, we should also consider the impact of N2 on our overall NF etching
performance. Other possibly relevant gases (e.g. CO) are too sparse to be of further
concern (Rest < 0.04338). N2 appears to have its dissociation energy at 9.765 eV (Fig. 3.4),
and should thus be far outside of reach, considering the relatively low energy lasers being
used for our NF experiments (typically 325nm He-Cd laser, 3.81 eV). We can thus
conclude that O2 seems to be the only relevant atmospheric gas for the NF etching

experiments presented in this paper.
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Figure 3.4. Theoretically calculated N2 dissociation energies [41].
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one. (Reprinted with permission from J. M. Hendrie, J. Chem. Phys. 22, 1503 (1954).

Copyright 1954 American Institute of Physics).

3.3 NF caused dissociation of H.O

Another potential contributor to NF etching could be the water contained in air. As such,
let us first of all estimate the amount relative mass ratio of water (in form of humidity) to
dry air (humidity excluded). Our experiments have been performed in Tokyo, where in
summer relative humidity values peak at around 80%. When reading from the
psychometric chart (Fig. 3.5) this would be equivalent to a humidity mass ratio (water/dry
air) of approximately 1%. Moreover, outside of the summer, relative humidity values in
Tokyo drop to around 50%. This would mean an even lower number of water molecules in
ambient air. When considering that ambient air only consists of around 20% O, we obtain
a H20 (humidity) to O ratio of approximately 5% at its peak, which means that humidity

could have a small impact on NF etching.
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Figure 3.5. Psychrometric chart, sea-level pressure (101325 Pa) [42].

Pink area representing typical humidity values in Tokyo (between 50% and 80% relative
humidity). Experiments are being performed under room temperature, 25 °C. (Reprinted

with permission from © 2019 FlyCarpet Inc).

To understand whether H>O can be photo-dissociated in our NF experiments, let us take a
look at Fig. 3.6. P. Maksyutenko et al. in [43] have experimentally determined the
dissociation energy of H2O (i.e. bond energy of O-H in water) to be approximately 5.1 eV.
More interestingly, they used a three-resonance laser excitation scheme to realize the O-H
dissociation through vibrational, intermediate states. A direct photo-excitation of H2O to
its anti-bonding energy level would be forbidden under the common selection rules of the
electric-dipole approximation. However, NF theory, due to its non-uniformity and large
range of wavenumbers, cannot be described by the electric-dipole approximation model,
and thus, although we do not use a three-resonance laser excitation scheme, we should be

able to cause the photo-dissociation of H.O with ONFs.
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Figure 3.6. Dissociation energy of H2O [43].
Triple-resonance laser excitation pulses were carefully chosen as to precisely excite the
H>O rotational-vibrational energy states. A process (direct photo-excitation) which is

normally forbidden under the selection rules of the electric-dipole approximation model.
(Reprinted with permission from [43]. Copyright 2006 American Institute of Physics).

3.4 NF etching on various materials

In the following we can see how NF etching has been shown to condition the
surface of various materials, including silica substrates, gallium nitride (GaN) substrates
as well as diamond substrates.

Fig. 3.7 shows the results of performing NF etching on a glass substrate. The far-
field wavelength used for this experiment was 532 nm and the etching gas is assumed to
be Cl,, with a typical photo-dissociation wavelength of 400 nm. The experiment was
performed under 100 Pa. The conclusion of the experiment was that nonadiabatic NF

etching was able to drastically reduce the surface roughness of the silica substrate after 2

hours.
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Figure 3.7. NF etching performed on a glass substrate [44].
a) NF etching performed on a glass substrate. The etching gas was hereby Cl,. After NF
etching image shows clear surface conditional improvements (smoother and less objects).

(b) Cross-sectional profile indicating the surface change before (black) and after (red) NF
etching. (Reprinted with permission from [44]. Copyright 2008 Springer-Verlag 2008.)

In Fig. 3.8 we can see NF etching performed on a single-crystalline diamond
substrate grown under the high pressure and high temperature method. More specifically,
the (111)-diamond substrate (Ib-type, absorption band edge of 3.02 eV) was prepared by
cleaving of the bulk diamond. NF etching times for this experiment were 30 min and 60
min. The far-field wavelength used for this was 325 nm (He-Cd laser) and the etching agent

are assumed to be ambient O, molecules
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R,=0.457nm R,=0.181nm R,=0.154nm

Figure 3.8. NF etching performed on a type Ib diamond substrate [45].
Change of surface roughness (Ra) over NF etching time performed on a type Ib diamond

(111) substrate with a 5pm x 5um scanning area. (Reprinted with permission from [45].
Copyright 2012 IOP Publishing.)

The conclusion of this experiment was that NF etching, performed with a 3.81 eV
light source, was able to drastically reduce the surface roughness of the diamond substrate
(from an initial Ra value of 0.457 nm to 0.181 nm after 30 min to 0.154 nm after 60 min of

NF etching).
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Figure 3.9. NF etching performed on a single crystal diamond substrate edge [46].

NF etching performed on a diamond substrate edge. The etching gas was hereby O.. (a)
Shows the diamond substrate edge before NF etching. (b) Shows the diamond substrate
edge after 30 min of NF etching. (c) And (d) depict the cross-sectional diamond substrate
edge profiles.(e) Comparing the roughness reduction between the mesa (red square) and

bottom (white square) area.(Reprinted with permission from [46]. Copyright 2014 WILEY-
VCH Verlag GmbH & Co. KGaA Weinheim.)

So far, both previous figures underline the effectiveness of NF etching in surface
conditioning on various samples. Fig. 3.9 on the other hand also highlights the
effectiveness of NF etching on three-dimensional surfaces, including convex, concave and
periodic profiles. The NF etching experiment was performed again with the same He-Cd
laser (325 nm) as the far-field light source and ambient O, molecules as the etching agent.
The etching duration was 30 min. Figs. 3.9a and 3.9b indicate a clear change in the diamond
structure after NF etching. The surface of the diamond does not only appear to be smoother,

but also sharper across the edge. For a more precise view, Figs. 3.9¢c and 3.9d depict the
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cross-sectional view of said edges. We can clearly see in both cross-sectional views that
after 30 min of NF etching the edge has been sharpened immensely.

The conclusion of the NF etching experiment on the diamond substrate edge is that
NF etching is not only able to modify flat surfaces, but also able to condition three-
dimensional structures. Furthermore, the dependency of NF-generations on the amount of
surface protrusions seems to be further highlighted when looking at Fig. 3.9(e). In it we
see that mesa roughness was reduced in a higher rate than the bottom mesa. The reason for
this seems to be the fact that the diamond mesa has a higher initial roughness value (and
thus higher number of protrusions) than the diamond bottom.

Overall, past experiments have shown that NF etching can change surface
conditions of various samples, mostly in terms of a reduced surface roughness. More
interestingly, NF etching also appears to be able to change the shape of a three-dimensional
structure (i.e. thinning sample by etching side-walls). Because NF etching rates should be
strongly dependent on the amount of protrusions, we assume that during the sample
fabrication processes (e.g. top-down), the sides are often left with a lower resolution, and
thus higher roughness, than the center part of the sample. As such it would explain why
NF etching appears to strongly interact with the side-walls (Fig. 3.9) while the height of
the sample appears to be visibly unchanged. To confirm this theory, | would like to repeat
the experiments from this chapter with a more suitable sample; organic chemically
amplified photoresists (CAR). CAR structures (in our case horizontal line/trench patterns)
have been produced by a top-down method (lithography) as well, and I thus suspect
similarly rough side-walls (compared to its top side mesa) as with the diamond substrate

edge. Furthermore, the organic photoresists, due to their lower mass-density and higher
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porosity, are easier to be etched than most inorganic, crystalline materials. This would
make them a more suitable NF etching indicator (easier AFM read-out), combined with the
fact that reducing photoresist roughness values is of great interest in the high-end
semiconductor industry (extreme ultra-violet (EUV) lithography). Through the
experiments in the next chapter | hope to verify that NF etching can be used to realize

three-dimensional structural change in target samples.
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Chapter 4.

Reducing organic photoresist surface roughness

4.1 Background

Photoresists are the fundamental component in the lithography process for the
creation of new devices. The so called RLS trade-off [47] states that the devices created by
lithography have their resolution, line edge roughness and sensitivity in a trade-off relation.
Especially in the face of increasing demand for smaller and smaller electrical components
(below the 10 nm mark), it becomes crucial to ensure that the line edge roughness of the

photoresists can stay small enough in order to avoid scattering losses of the nanoscale

devices.
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Figure 4.1. Wafer size time-chart [48].

Evolution and expected decrease of wafer sizes over time. Intel, TSMC & Samsung
expecting 5nm nodes by 2020. (Reprinted with permission from [48]. Copyright 2012

SEMATECH Inc.)
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Giving the current speed of size reduction in the high-end semiconductor industry, we are
expected to reach node sizes of 5nm by the year 2020 [49] (Fig. 4.2). Sub 10 nm lithography
relies on the Extreme Ultra-Violet (EUV) lithography technology. However EUV
lithography suffers from a low output photon power [50] and as a compensation requires
resists with high sensitivity. Due to their extremely high sensitivity [51], organic CAR are

looking to become the EUV industrial standard as well.
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Figure 4.2. EUVL extension concerns (post 2017) [52].
Time-line of main problems for future EUV lithography. Current focus one resists with

high resolution, reliable stochastics (errors, roughness) and high sensitivity.
(Reptrinted with permission from [52]. Copyright © 2019 eMedia Asia Ltd.)

Unfortunately, organic CAR come with some great limitations, which is mainly
the previously mentioned RLS trade-off relation. Since these organic CAR are multi-
component materials (Fig. 4.3), they are prone to inhomogeneities and fluctuations. This
means that organic CAR are especially susceptible to stochastic effects (i.e.

noise/fluctuations) in low dimension and high resolution environments.
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Figure 4.3. Chemical composition of organic CAR [53].

Main component of PR being constituted of polymer resin. Functional groups, e.g. photo-
acid generators, stabilizers, surfactants, etc.) connected to the resin.

As can be seen in Fig. 4.3, the main component of CARs is there Acrylic polymer
resin. Connected to the resins are normally various functional groups (such as photo-acid
generators, stabilizers, surfactants, etc.) depending on the exact application of the resist.
The mass density of organic photoresists is approximately 0.89 g/cm?®, which is
significantly lower to e.g. the silicon, 2.32 g/cm?®, or diamond, 3.51 g/cm?, mass densities.
These low mass densities and feeble structures of organic photoresists make them a great
candidate for NF etching as well, since it should be easier to see the etching effects as
compared to more robust materials, such as diamonds.

The semiconductor industry often ends up focusing on two out of the three
important parameters (RLS) (Fig. 4.4), often dictated by the lowest cost or highest

availability on mass production scales.
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Figure 4.4. RLS tradeoff for EUV [54].
RLS tradeoff relationship between photoresist resolution, sensitivity and roughness for

current high-end EUV lithography resists. (Reprinted with permission from [54].
Copyright 2018 Society of Photo-Optical Instrumentation Engineeers (SPIE).)

More precisely, the resolution of lithography is defined by the following equation:

A

o=k ,, 41
CD refers to the critical dimension of the system. The critical dimension is normally
also written as two times the half-pitch (of the semiconductor device). The k;
factor equates to process-related factors of the experimental setup, A being the
wavelength used

for lithography and NA represents the value of the numerical aperture of the lens.
Sensitivity [mJ/cm?] on the other hand describes the amount of energy which is
needed to generate a feature in the photoresist layer. A high sensitivity is especially
important in EUV lithography where photon numbers are generally quite low.
The roughness of a photoresist is generally represented by its line-edge roughness
(LER) value. The definition of the LER will be explained in more detailed in the following

segment.
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4.2 LER and other roughness values of photoresists
In Fig. 4.5 we can see how the LER and line width roughness (LWR) are usually

being obtained from the resist profile.

Standard deviation ()
A. Line Edge Roughness (LER)
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B. Line Width Roughness (LWR)
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Figure 4.5. Evaluation of LER and LWR [55].
A. Calculation of LER by standard deviation of line edge profile. The LER is being
calculated as 3 times the standard deviation. B. LWR evaluated from the variation of

width of the photoresist. C. SEM obtained photoresist image showing Pt nanowires on
Si wafer. (Reprinted with permission from [55].)

The LER value is obtained by observing the sides of the resist (perpendicular top-
down view) and calculating their roughness (standard deviation) as can be seen in the red
square in the above image. Unlike the LER, the LWR value is being obtained by
concentrating on the spatial width of the resists.

I like to point out that the roughness values examined in NF etching experiments
are also defined through the standard deviation of a specific area. Hence | believe that NF

etching should be very well able to improve LER values of photoresists as well.
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In order to understand why the roughness of resists play an important role in the
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final device performance, let us look at Fig. 4.6.
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Figure 4.6. Negative impact of LWR on device performance [56].
Impact of LWR on Intel 65nm transistor performance. (a) High LWR showing strong
exponentially increasing off-current/drive-current relationship. (b) transistor drive-

current degradation due to LWR. (Reprinted with permission from [56]. Copyright 2007
Society of Photo-Optical Instrumentation Engineeers (SPIE).)

Fig. 4.6 shows the impact of high LWR values on the device performance. More
specifically, in this case the performance of Intel's 65nm node transistor was being
observed. We can see in Fig. 4.6a that the off-current increases exponentially in respect to
the drive-currents for high LWR values. In Fig. 4.6b we see that both drive currents degrade
by over 2% for 3o LWR = 0.1 CD.

Besides the importance of minimizing LER and LWR values, device performance
can also suffer through bridge and half-bridge building (due to local electric gradients

causing leakage).
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Figure 4.7. Relation between PR errors (bridges) and CD [57].
(left) Image showing bridges between the single wire structures (yellow arrow). (right)
Increase of erroneous structures (e.g. full- and half-bridges) with decreasing CD values.

(Reprinted with permission from [57]. Copyright 2017 Society of Photo-Optical
Instrumentation Engineers (SPIE)).

Full and half-bridges are a great concern to future lithography processes with low
CD. In Fig. 4.7 the proportion of bridges (sum of bridge pixels over total pixel sum) has
been analyzed over decreasing CD values. We find that generally the number of bridges

over healthy structures increases linearly with the reduction of CD values. .

4.3 NF etching on photoresists

In this chapter I would like to apply NF etching with the goal to improve the surface
roughness of the photoresists, as well as control the structure width in order to tackle
bridging problems. I believe that NF etching can improve the surface condition (roughness)
of the photoresists due to the fact that NF etching has been previously proven effective in
smoothening various kinds of materials and surfaces. Also, the experiments on the diamond

substrate edge have shown that NF etching can reduce structural width, which would be
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interesting if repeated successfully on organic photoresists. Previous research suggests that
the NF etching has already proven to be successful in reducing surface roughness and
producing atomically flat surfaces in a wide range of components, such as GaN, as well as
flat and shaped glass and diamond [38,58], while also showing that it can be effective on
flat as well as patterned surfaces.

The fundamental theory behind the NF etching suggests that the etching is caused
by radicalized gas atoms, which in ambient conditions are most often oxygen atoms. More
concretely, these gas molecules can be dissociated under illumination at a specific
wavelength (for O2 molecules 5.12 eV) [59], with the resulting reactive oxygen interacting
with its immediate surrounding. If the material is chosen properly, as well as the etching
gas agent, the reaction of the radical gas atoms with the sample surface will result in
effective etching of the sample surface, as the radical gas atoms interact (in form of etching)
and afterwards re-combine themselves with the etched atoms resulting in new gas
molecules.

Exciting the O2 molecules with a photon energy of 5.12 eV (242 nm) will result in
direct photo-dissociation, which on the other hand should result in conventional adiabatic
etching of the sample surface. However, NF etching does not rely on the conventional
photo-dissociation of the O2 molecule by an incident photon energy of 5.12 eV but instead
relies on the localized ONFs to ultimately enable the photo-dissociation of the O
molecules. For that reason, we should use a laser energy with a higher wavelength than
242 nm (5.12 eV), in order to avoid direct dissociation of the gas molecules. In this case,
we decided to use the etching laser wavelength of 325 nm, whose photon energy is below

the O2's 5.12 eV. Current research in NF theory explains that localized ONFs due to its
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non-uniformity can cause various novel NF limited phenomena, such as two-step
excitations by making use of intermediate states in molecules which are normally forbidden
under the traditional dipole approximation. These dipole-forbidden transitions can be
ignored when looking at ONFs instead of conventional far-field systems.

To sum up, although the incident laser photon wavelength (325 nm) is below the
photo-dissociation wavelength of O, molecules (242 nm), owing to dipole-forbidden
vibrational state transitions of localized NF photons, we assume that the photo-dissociation
of O2 molecules can still be caused. In addition, these localized ONFs are believed to be
primarily present within protrusion (sub-wavelength systems) of the sample surface, when
excited by a far-field light source. Therefore, the photo-dissociation of the O molecules
and its resulting etching of the sample surface, occur mainly at places with high protrusion
densities. While the exact physical explanation for the ONF related energy up-conversion
is yet to be found, current NF research hints at the possibility that energy up-conversion
could be due to two-photon absorption, rather than the absorption of single photons, despite
with much lower probability [60].

For this experiment we used an EPIC 2096 ArF photo-resist (organic), which is
chemically amplified (CAR), and has its inherent photo-reactiveness to photons around
193 nm wavelength [61]. One reason why we chose this material for our to-be-etched
sample is that they are first of all quite easily obtainable, and also because organic
photoresists are commonly used for the production of nanoscale electrical components. As
mentioned previously, having a RLS trade-off relation means that lithography with very
fine resolution will result in a worse SR, so in this experiment we will try to improve the

surface roughness of the organic photoresists with NF etching. Improving the SR of the
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photoresist during lithography would mean that the semiconductor end-product would be
improved as well. Another reason is that with this experiment we will be able to deepen
our understanding of NF etching, as organic photoresists (due to its porosity) can probably
be used more easily as an NF-etching indicator, compared to the sturdier inorganic

materials. Also our etching technique hasn’t been performed on organic photoresists yet.

4.4 Experimental
For this experiment, using interference lithography, the photoresists, EPIC 2096

ArF Photoresist (positive-type), were prepared (Fig. 4.8).

Sample fabrication: horizontal

ArF 1~ 300nm :
2 ] ine/trench pattern

193nm lkali |

Photoresist layer ~60nm alkaline | !

solution i W< 60ncn
Silicon substrate ::> :>
1. Spin coating 2. patterning 3. development

Figure 4.8. Organic photoresist fabrication sequence.

Photoresist layer spin coated on top of silicon substrate. Patterning performed via an ArF
laser light source. Subsequent development of photoresist by alkaline solution.

Their typical absorption spectrum edges at around 310 nm. This chemically
amplified resist was specifically chosen as to have an absorption edge below the 325 nm
wavelength, which will be used (alongside 405 nm) as the incident far-field light source,
in order to avoid a direct photochemical reaction of the photoresist with the light source.
As the incident continuous-wave, also called CW, far-field light source we used two
different lasers: Firstly, a helium-cadmium (He-Cd) laser with a 325 nm wavelength and
photon energy of 3.81 eV, and secondly a GaN laser with a 405 nm wavelength and photon

energy of 3.06 eV. The He-Cd laser has a power density of 0.8 W/cm? and the GaN laser
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has an overall excitation power of 39 mW. As mentioned in previous chapters, we chose
two lasers whose photon energy lays well below the photo-dissociation energy of the O2
molecule, so that we may avoid normal adiabatic etching. In case of the He-Cd laser, the
emission line for wavelengths outside 325 nm is by a factor of 10 times lower than 325
nm, and thus we can exclude the possibility that other wavelengths were causing the O>
dissociation.

The exposure time of the photoresist to the far-field light sources, and thus the NF
etching times, were up to two hours long (three intervals within 0-120 min). In case of the
NF etching measurement performed under vacuum conditions, before exposure to the
lasers, the sample was set up inside a hermetically sealed vacuum box. By the so-called
purification of the air inside the vacuum box, the oxygen density was below the tens of ppb
mark. With the purification process, we first of all completely remove the air inside the
vacuum box, and afterwards replace it with N2 gas (until the initial air pressure inside the
vacuum box has been restored). This was repeated for ten times, meaning that the end result
is a low-oxygen air within the vacuum box. Note that there are approximately 5 ppb O
molecules inside the N tank itself, so removing O, completely using this method is
impossible. The NF etching was performed while leaving the sample within this low-
oxygen environment within the vacuum box. The vacuum box was carefully selected as to
be transparent for both of our laser wavelengths.

In general, after NF etching (more specifically, for the intervals 0, 60 and 120 min.)
we used an atomic force microscope, also simply called AFM, produced by Hitachi-Hitech-
Science Corp., in order to check the effectiveness of NF etching by examining the

photoresists (Fig. 4.9). We usually observe 4 um areas, and the resolution is typically 256
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x 256. Our AFM’s Sample-intelligent-scan mode, further improves the AFM imaging by
strengthening image contrasts. Furthermore, masking and tilt correction features were used
to further improve the measurement precision. Most important parameters, such as SR and
cross-sectional values, mentioned in the next part, were all obtained with the AFM inbuilt

software.
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Figure 4.9. Photoresist evaluation sequence [61].

(a) AFM measurement of organic photoresists (b) top-down image of photoresist. Top of
photoresists evaluated for surface roughness (red square). 4 values obtained per
measurement point. (c) cross-sectional view of photoresists (green line in (b)).

(Reprinted with permission from F. Brandenburg et al. Beilstein J. Nanotechnol. 8,
784-788 (2017). Copyright 2017 Brandenburg et al.; licensee Beilstein-Institut.).

Fig. 4.9 depicts the sequence order of the photoresist evaluation. First of all, the
photoresists were observed under the AFM (Fig. 4.9a). Next (Fig. 4.9b), from top-down
view, the surface roughness was obtained for a specific area (red square). Also, cross-
sectional images of the photoresists were obtained (green line) as can be seen in Fig. 4.9c.

FDTD Simulations were obtained from the Poynting for Optics (Fujitsu).

4.5 Results and Discussion
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Before checking the photoresist for SR and cross-sectional values, we obtained
general images of its structure for before and after NF etching (Fig. 4.10). Figure 4.10a is
the initial shape of our photoresist, without applying any NF etching. In Fig. 4.10b we can
see the shape of our photoresist after applying NF etching with the He-Cd laser. The NF
etching results for 405 nm can be found in Fig. 4.10c, showing the photoresist substrate
surface before NF etching, and Fig. 4.10d, showing the photoresist substrate surface after
NF etching. As always, we performed the experiment under ambient condition, since the
etching component is believed to be originating from the O2 molecules. When taking a look
at our figures (Figs. 4.10a, b) it becomes apparent how the width of the photoresists has
been reduced after applying NF etching with 325 nm. However, when checking the AFM
images for the effectiveness of the 405 nm laser source (Figs. 4.10c, d) we can notice that
there seems to be no big change in the shape of the structure (the opposite to 325 nm). The
next step for the 405 nm experiment was to check and compare the surface of the
photoresist from closer up (Figs. 4.10e and 4.10f), as indicated by the white square in seen
in Figs. 4.10b and 4.10c. What we can notice in the zoomed up images, although rather
subtle, is the change of the smoothness of the samples after applying our technique. More

specifically we seem to have to greatest change in smoothness with the 405 nm laser source.
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Figure 4.10. 3D AFM images of photoresists before and after NF etching [61].

3D-AFM images of the photoresist. Initial state of the photoresist (a) as well as its state
after 2h of illuminating it with the 325 nm laser source (b). In accordance to (a) and (b),
(c) and (d) show the states of the sample after illumination with the 405 nm laser source.
(e) and (f) showing enhanced images of the white area depicted in (c) and (d), respectively.

(Reprinted with permission from F. Brandenburg et al. Beilstein J. Nanotechnol. 8, 784-
788 (2017). Copyright 2017 Brandenburg et al.; licensee Beilstein-Institut.)

Figure 4.10 only gives us an approximate estimation of the extent of the NF etching
effect on parameters such as surface smoothness and overall structural shape. In order to
have a more detailed view, we should look at Fig. 4.11, which lets us understand more
clearly how our technique changes the profile of the samples. Figure 4.11a illustrates the
structural change induced by the 325 nm light source. What we can immediately see is a
drastic reduction of the overall photoresist width over NF etching time. The photoresist

diameter of approximately 400 nm for before NF etching has been reduced down to about

44



250 nm diameter width for the after 120 NF etching time. Fig. 4.11b in principal repeats
this measurement, but this time for the 405 nm light source. What we can see here is that
there appears to be no change of the structural shape of the photoresists with increasing NF
etching duration. Interestingly enough, although both laser sources are too weak to cause
direct O dissociation, it seems that they somewhat influence the sample shape, especially
when considering the 325 nm results. However, we still remember that the surface texture
of the photoresists appeared to have changed when looking at Figs. 4.10c-f, so for now we
shouldn’t exclude to possibility of photoresist etching caused by the 405 nm light source.
We need to take note that the NF caused photo-dissociation of the O2 molecules is likely a
combination of the conventional far-field photon from the light source (325 nm or 405 nm)
and the locally induced ONFs in sub-wavelength objects on the photoresist surface. While
we don’t know the exact phenomena which is attributing to the photo-dissociation from
the NF side, i.e. whether it is due to multiphoton absorption, second harmonic generations,
etc., we can argue that since 325 nm is much closer to the direct dissociation wavelength
242 nm from an energy perspective, that naturally 325 nm should consequently have a

higher NF etching ratio than the GaN laser (405 nm).
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Figure 4.11. Cross-sectional image of photoresist during NF etching [61].

Cross sectional evaluation of the photoresist shapes for Oh (black), 1h (blue) and 2h (red)
of etching. Left figure (a) representing the results for 325 nm and the right figure
representing the results for 405 nm. (Reprinted with permission from F. Brandenburg et

al. Beilstein J. Nanotechnol. 8, 784-788 (2017). Copyright 2017 Brandenburg et al.;
licensee Beilstein-Institut.)

What seems further interesting is the fact that the photoresist side-walls were etched
but seemingly the photoresist top not. To understand this point more clearly, the same
experiment has been simulated (Fig. 4.12) in order to understand the distribution of the
electric field along the photoresist surface. Just as in the real experiment, the lasers were
linearly polarized as well. We calculate the peak values of the electric field intensity at the
photoresist side-walls to be ~2860 mV/m. This is only slightly more than the electric field
intensity at the top of the photoresist (~1720 mV/m), which equals a factor of ~1.66. From
the results we calculate the non-uniformity |dE/dr|. The value of |dE/dr| at center of the
resist and the edge of the resist were 0.322 mV/m? and 1140 mV/m?, respectively, meaning
that non-uniformity at the edge of the resist has 3540 times large and resulted in higher
etching rate in the side wall. In addition to that, the fact that in Fig. 4.11 for visualization

purposes the photoresists have been significantly stretched along their height-axis, leads us
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to assume that ONFs are more commonly induced at the side-walls of the photoresists. A
further factor could be that the photoresist material (multi-component based) have due to
gravitational compression have a higher density in the z-direction (height-axis) than the x-
direction. Lastly, due to the nature of their manufacturing process (lithography), the sides
most likely have higher roughness values than the top of the photoresist, meaning that

ONFs would be induced at a higher rate at the side-walls as well.
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Figure 4.12. Simulation of photoresist exposure to 325-nm laser.

Simulation based on linearly polarized 325 nm CW laser source (perpendicularly from
above photoresist surface, y-polarized) showing distribution of electric field along the
photoresist surface. The minimum grid size was hereby 1 nm (a) Showing photoresist
(green rectangle) on top of silicon substrate (grey area) and the E-field intensity
distribution from the incoming light wave. (b) 3D surface heatmap of the E-field intensity
around the photoresist, showing high intensity at the side walls. (c) Cross-section profile

of E-field intensity (black line, see (b)) showing clearly that E-field intensity is stronger at
the photoresist side-walls than on the top of the resist.

For a more precise analysis of the surface smoothening of the photoresists by each
laser, | have evaluated the surface change of the photoresists using the AFM software (Fig.
4.13). So what we can see in the following graph (Fig. 4.13a) is that both lasers were clearly

able to improve the surface smoothness of the photoresists over the 120 min duration.
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Please note that we have a variance in the initial surface roughness across photoresist
samples. This is simply due to the nature of their fabrication, as well as limitations to the
AFM analysis capabilities. That also explains why starting SR value in Fig. 4.13a are so
different between the 325 nm and the 405 nm samples. This might make it less practical to
directly compare the effectiveness of NF etching between the 325 nm and the 405 nm laser
sources. However, we can definitely conclude that both lasers were successful in
smoothening the sample. Experiments with 405 nm appear to have improved the surface
smoothness at a greater ratio than the 325 nm one, however we should also consider that it
had a higher initial SR value, meaning that it could have had a stronger presence of
localized ONFs along its surface than the 325 nm sample. At the same time, we need to
keep in mind that Fig. 4.11 showed that NF etching with 325 nm was drastically changing
the cross-sectional shape of the photoresist, meaning that etching took place on a high rate.
Since atom layers were removed at such a great rate for the 325 nm experiment, it could
have been difficult to realize finer surface etching of the photoresists. The 405 nm
experiment on the other hand showed little to no cross-sectional change of the photoresists
in Fig. 4.11b, meaning that etching took place on a smaller rate. We could argue that due
to its lower energy, the 405 nm experiment etched the samples at a lower rate. This
probably explains why it resulted in an overall better smoothening of the photoresist
(compared to 325 nm, who etched at a much higher ratio). The 405 nm experiment most
likely only had effect on the outmost layers of the sample, hence resulting in their very low
surface roughness, while 325 nm removed layer by layer with its higher etching ratio.
Again, we should mention that for future experiments it would be nice to have similar

initial SR values amongst all samples.
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Figure 4.13. Surface roughness evaluation over NF etching time [61].

(a) Surface roughness (Ra) evaluation over a total period of 2h. Blue line representing the
results for 405nm and purple line representing the results for 325nm. The total removed
area can be seen in (b). (Reprinted with permission from F. Brandenburg et al. Beilstein

J. Nanotechnol. 8, 784-788 (2017). Copyright 2017 Brandenburg et al.; licensee Beilstein-
Institut.)

What we can also see in Fig. 4.11 and Fig. 4.13 is that the etching effect appears to
be saturating with increasing time. It’s quite possible that with increasing NF etching
duration, the amount of sub-wavelength objects on the sample surface decreases, meaning
that localized ONF are occurring on a lower rate. This saturation has also been observed in

previous NF-etching experiments, for various materials and shapes.
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Figure 4.14. Inherent organic photoresist absorption spectrum [61].

(a) The absorption spectrum of the EPIC 2096 ArF photoresists, with its main absorption
edge at around 250 nm. (b) 325 nm experiment repeated with vacuum conditions, showing
that O is integral to the etching effect. (Reprinted with permission from F. Brandenburg

et al. Beilstein J. Nanotechnol. 8, 784-788 (2017). Copyright 2017 Brandenburg et al.;
licensee Beilstein-Institut.)

In Fig. 4.14a we can see that 325 nm and 405 nm are far outside the absorption edge
of the photoresists, meaning that their natural sensitivity to ultra-violet light can safely be
excluded as a reason for the structural change. Furthermore, to check the importance of O>
molecules, | repeated the same NF etching experiment (325 nm), but this time under a low-
oxygen (near-vacuum) environment. The results can be seen in Fig. 4.14b. What we can
immediately see is that the drastic cross-sectional width loss of Fig. 4.11a was not
replicated. Fig. 4.14b underlines that O is an integral component of the etching effect of
the photoresists. We conclude that other explanations for the structural change of the
photoresists (such as an inherent UV sensitivity of the resists or silicon substrate heating

due to laser) can be safely excluded with the results shown in Fig. 4.14.
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To briefly sum this chapter up, we were able to control the structural width of the
photoresists when using the 325-nm laser source. Hence NF etching could be promising as
a counter-measure for reducing the amount of full and half-bridges in the increasingly

smaller CD values in the high-end semiconductor industry (Fig. 4.15).
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Figure 4.15. Potentially reducing full- and half-bridges with NF etching [62].
(left) images showing that the proportion of bridge defects increases with decreasing CD

values. (right) Structural width control with 325nm laser. (Reprinted with permission from
[62]. Copyright 2018 Society of Photo-Optical Instrumentation Engineeers (SPIE).)

Furthermore, both lasers (325nm and 405nm) were able to reduce the roughness
value at the top of the photoresists. The initial roughness values for the 325-nm and 405-
nm experiments were different, so a direct comparison between them should be avoided.
However, both seem effective in reducing roughness values.

Since the LER value is, just like the roughness value in our experiments, obtained
by the roughness standard deviation, our experiments serve only as an indirect proof of the
effectiveness of using NF etching to reduce LER values. Also, side-walls should have
higher initial roughness values, resulting in an even higher intensity of ONFs and thus
etching rate, meaning that we should be able to repeat the roughness reduction results at

the photoresist side-edges.
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Should NF etching establish itself as a reliable tool for the high-end lithography
industry, production costs could be reduced (since companies could focus more on the
other two parameters, resolution and sensitivity; RLS tradeoff relation) and possibly even
smaller node sizes could be achievable (e.g. diminishing impact of stochastic effects, thus
bypassing current limitations).

We further note that the cross-section view (over NF etching time) differs between
the previously obtained results for the diamond substrate edge and the photoresists. While
the edges of the diamond substrate appeared to sharpen over NF etching duration, we were
not able to reproduce the same phenomena for the photoresists. One possible reason for
this could be the fact that the single-crystal structure of the diamond substrate is favorable
for having a seemingly clean-cut side profile. While the diamond edges, after NF etching,
seem very sharp (and thus like a suitable breeding ground for ONFs), the structure might
appear slightly rounded when zooming up to the nanometer range. On the other hand, the
cross-sectional profile of the organic photoresists doesn’t seem to get as sharp-cut as that
of the diamond substrate. Reasons for this could be that the organic photoresists are a multi-
component material, which results in stochastic fluctuations along the sides of the sample.
In other words, since it consists of wildly arranged molecules it might be difficult to realize

a perfectly clean-cut profile (Fig. 4.16a).
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Figure 4.16. Challenges in using NF etching for high-end lithography [63, 57].

(a) Mlustration showing stochastic distribution of polymer composites and the resulting
edge roughness (b) Typical wafer photoresist structure showing components of various
shapes (Reprinted with permission from [63] and [57]. Copyright 2016 Springer

Science+Business Media Dordrecht & Copyright 2017 Society of Photo-Optical
Instrumentation Engineeers (SPIE).

A possible limitation for using NF etching as a technique to improve photoresist
lithography is its yet not fully understood structural etching behavior. Since we assume that
the inherent material differences between diamonds and organic photoresists are the reason
for their different post-NF etching shapes (clean-cut, sharp edge diamond vs. overall
rounded photoresist), a material dependency seems apparent. High-end lithography offers
a wide spectrum of photoresist candidates (organic CAR, metal oxide photoresists,
nanoparticle photoresists, etc.), so before using NF etching on a larger scale, the NF etching
shape-building behavior should be checked for each respective resist first. In the case of
organic CARs another problem is the fact that only a simple continuous trench-line pattern
of photoresist has been studied. Here NF etching was able to reduce roughness values and
also reduce the overall resist width. However, real-life industrial lithography uses

photomasks of various shapes, resulting in a wide range of photoresists structures as well
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(Fig. 4.16b). While NF etching seemed effective in for the simple line-trench pattern model,
wafers are usually a combination of various shapes and thus finding common etching
parameters for improving the overall device performance could prove difficult. We can see
in Fig. 4.16b that when applying NF etching for long durations we risk losing the smaller
structures in the middle. Also, NF etching might interfere with the pre-intended shape of
the structures, such as the L-structures in Fig. 4.16b. Since NF etching should be the most
intense at places parallel to the E-field polarization of the laser source, having structures
stretched along multiple axes risks having more etching, and thus structural changes, on

one axis than the others.
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Chapter 5.

Improving NV nanodiamond electron spin properties

5.1 Background

The NV center is one of over 100 known defects inside the diamond lattice. Those
defects are impurities within the crystal-lattice of the diamond. Especially the NV center
has proven to be promising for a future single-photon source which can work under
ambient temperatures. For an all-encompassing recent review about NV centers please
refer to [64]. Possible applications could be found in quantum computing [65], quantum
cryptography [66] as well as a nano-dimensional sensing. Since in this Chapter we focus
on nanodiamond based NV centers, sensing applications are especially interesting. The
reason why we focus on nanodiamonds rather than bulk diamonds is that NV centers in
nanodiamonds are surrounded by more surface area. The NV spin performance (i.e. T>
time) is dependent on the diamond surface state (i.e. paramagnetic noise). So by studying
nanodiamond NV centers, we hope to find a relationship between NF etching and NV
performance.

Unfortunately, nanodiamond NV centers suffer from shorter coherence times
compared to bulk diamonds [67], making them rather impractical for quantum sensing

applications, which require extremely long coherence times [68].
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Figure 5.1. NV center applications [69,13].

(@) (left) Image showing coplanar waveguide on diamond containing NV centers.(right)
spatial fluorescence image (obtained through confocal microscopy setup) showing NV
center distribution along diamond mesa. Bright spots (=fluorescent) hereby
representing NV centers. (Reprinted figures with permission from [69]. Copyright
(2019) by the American Association for the Advancement of Science.) (b) Scheme of
scanning NV magnetometer. NV spin (blue) couples itself with nearby spins (red),

effectively changing its larmor precession. (Reprinted figures with permission from
[13]. Copyright (2019) Springer Nature Publishing AG.)

5.2 Structure of the NV Center

Naturally formed as well as synthesized diamonds contain a wide range of
structural as well as material impurities. It is possible to classify the diamond in dependence
on the degree of contamination by alien atoms [70]. An important class is the diamond type
1b. Inside the 1b diamond lattice, the nitrogen atoms are evenly distributed within the
diamond lattice, and they don’t occur in agglomerations. This is one of the reasons why it
is possible to detect so many different nitrogen-related defects inside diamond. One of the
most famous defects inside the diamond lattice is the NV center, and it is also one of the
most promising defects, especially for single photon source applications. Basically
speaking, the NV center is a complex compound made up of a single nitrogen atom in

connection with a neighboring vacancy.
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Figure 5.2. NV center configuration [71].
(a) NV center orientation within the diamond lattice. Its orientation (red) is determined by
the axis connecting the vacancy and the nitrogen atom. (Reprinted with permission from

[71]. Copyright (2009) American Physical Society.) (b) Electron configuration of a NV
center inside the diamond lattice. The negatively charged NV center consists of 6 electrons.

5.3 Readout, AC and DC Sensing with NV centers

The NV center is currently one of the most promising candidate to revolutionize
our sensing capabilities. Due to the NV’s atomic size it can be brought into closest
proximity to magnetic test objects, and furthermore the single NV center possesses a
fluorescence which is strong enough to be seen through the confocal microscopy (or wide
field microscopy) setup. Under visible illumination (usually 532 nm) (Fig. 5.3a) the NV
center exhibits a fluorescence signal, which depends on its electron ground state alignment,
normally ranging between 650-750 nm. Fig. 5.3b illustrates in principle how NV centers
are being detected with a confocal microscopy setup. The confocal microscopy setup picks
up the fluorescence signals from NV centers within its light cone, meaning a typical width
(y-direction) of around 1-2 um at its focal spot. The confocal microscopy setup uses

pinholes as well, in order to only collect NV signals from the focal plane.

58



H FvY E

1
1
Excited State |1 i’
E3 M Piezo-stage ——___

I — \ {~0.1nm resclution)

I Objective Lens

I Fluorescence

532nm:: 637/nm

1 NV-center '
11 —— i
11 / Nanodiarncani ~ Glinm
1 |
Ground State t——— :

3 : Glass substrate
A . |2.8GHz \
]

B field

N\

Figure 5.3. Energy levels of NV center and illustration of confocal setup.

(a) The electron energy levels of the NV center. The zero-phonon-line emission of the NV
center amounts for 637nm. Triplet ground state showing the zero field splitting value (2.8
GHz). Magnetic fields cause Zeeman splitting of spin degeneracies. (b) Hlustration of

confocal microscopy sensing of NV nanodiamond. NV signals detected within the confocal
volume (green cone).

The ability to optically detect NV centers (and read-out its energy levels), alongside
other unique characteristics such as long coherence times at room temperature and well-
defined optical transitions, are what makes the NV center so attractive for various fields,
such as medical science, quantum science, quantum computing, bio-sensing and many
more. Fundamentally speaking, the NV can be described as a high-sensitivity nano-
magneto-sensor, and the reason for this is its unique electronic band structure. As
mentioned previously, the NV center possesses a triplet ground state, with three possible
m states [-1, 0, +1]. Under normal conditions (no external magnetic field) the degeneracies
of the ground state [-1] and [+1] are not divided, but as soon as the magnetic field strain

increases (especially alongside the NV’s axis), the spin states [-1] and [+1] are split further
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apart in dependency of the magnetic field (Fig. 5.4). This effect is also called the Zeeman
effect. Lastly, it is possible to locate the energy locations of the spin states [-1] and [+1] by
applying microwaves equivalent to their respective energy level differences (ODMR or

ESR measurements), effectively meaning we can use NV centers as magnetic field sensors.
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Figure 5.4. Zeeman splitting of spin degeneracies [71].
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When neglecting weak hyperfine interactions of the NV center with nearby *N and

13C nuclei, the Hamiltonian of NV centers is defined by [72]:
1

VA

o
o=@ T N 1+reH QOO 09090 G

(&

Where D (= 2.87 GHz) represents the zero field splitting (B = 0), y¢= 2.8 MHz/G

represents the gyromagnetic ratio (Zeeman) and 0 represents the angle between the
magnetic field and the NV axis (the axis connecting the Nitrogen atom to the vacancy).
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Within the diamond crystal structure, the NV center can be oriented along four

possible crystallographic axes: [111], [11,[1] or [1] (Fig. 5.5a).
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Figure 5.5. ESR based DC Magnetometry with NV ensemble [73].
(a) Hlustration showing detection of vector magnetic field. (b) DC magnetometry based on
NV ensemble. NV centers with parallel symmetry axis to the magnetic field vector
experience highest splitting (NV A) ((a)&(b)Reprinted with permission from [73].
Copyright 2013 Linh My Pham)

From Eq. 5.1 we understand that the closer a magnetic vector is aligned to the NV
axis, the stronger the overall splitting. As such, when the confocal volume contains
multiple NV centers of various orientations, their general ESR spectra (Fig. 5.5b) can give

away the vector information of an unknown magnetic field [73].

In principle, the sensitivity for DC magnetic sensing using ESR is defined by [74]:

h 2 e/en
¢ ~ — (5.2)

Wieere e is ompmerical paranmeirisrelotes to. ie[linpshapnp@EER NG ressurstceolibaigssian

representing the resonance linewidth (also referred to as FWHM in this thesis) @
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and
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representing the measurement time. Av can be further decreased by reducing the laser

QRS IBROMELIA SR SO TERNES AL 5 M0 TR Rl
sensitivity dependence on € we can rewrite Eq. 5. 4]a.
2h 1
2

Qo ~ —

2

From Eq. 5.3 the importance of long coherence times for sensing applications becomes

apparent.
For T. (spin echo) based AC magnetometry, instead of just relying on the free

induction dephasing of the NV spin (NV spin dephasing after being brought to its

B%Pﬁéposition state by a " -pulse, see Bloch sphere), additional techniques are

2

RERCERIAG AN QIRNRTOIR P YAAPROELBROT 1B NS LS AR RFQYEI RN aFeeRG Ak latenof The
initial "-pulse, flipping the coefficient of the net phase accumulation from positive to

2
negative. Constant coefficient DC magnetic fields would hereby simply be cancelled out.
As such, the idea is to time the r-pulse with the fre?u_er)cy of the target AC magnetic field,
arrlld thus ideally have a synchronized flipping of coefficients. The result will be a net
phase

accumulation through two separate phase accumulation times (before and after the n-
pulse).

In principle, the sensitivity for AC sensing applications is defined by [75]:

25 1 (5.4)

@y &

Where T (see Appendix B4) stands for the Hahn-Echo coherence time.

63



ESR based AC sensing can also be realized, where we find target signals as follows (Fig.
5.6): First of all the ESR (or ODMR) of the NV spin will be obtained by setting the MW
energy to the same value as the NV ground state energy (Fig. 5.6a). After applying an AC
magnetic field (Bac) the fluorescence signal will start oscillating since the local magnetic
amplitude affecting the NV center changes (Zeeman effect). The fluorescence over time
signal will be obtained through a photo detector (Fig. 5.6b). Lastly, the target AC magnetic
field signal will be read-out after bringing the raw time date into frequency domain.
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Figure 5.6. ESR based AC Magnetometry.
(a) AC B-Field causes vibration of NV ESR signal. (b) Time-dependent fluorescence signal

detected through photodetector. (c) Transformation into frequency domain, detection
of target signal (red circle).

Looking at Eg. 5.3 and 5.4 we can expect improved magnetic sensitivies when
prolonging the NV coherence times. And since the coherence times are dependent on the
surface state of the diamond (i.e. paramagnetic noise), we expect that NF etching should

be able to prolong coherence times by removing impurities from the NV nanodiamond

surface. Spin echo based NV magnetometry should especially benefit from prolonged T>
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values. ESR based NV magnetometry should especially benefit from reduced FWHM

values.

5.4 Surface noise influence on NV spin properties
Whenever a system is in the quantum coherence state, it is basically in a
superposition and can therefore be used for quantum operations. The most common NV

center coherence time measurement is done by the Hahn Echo method. Generally speaking,

T is the time required until the total signal reaches " of its initial value (see appendix B).

o
NV centers close to the surface (<10 nm) have their spin coherence time strongly

influenced by surface impurities and paramagnetic defects. As a result, NV charge stability
suffers [76], the ESR lines are being broadened [77] and general shorter coherence time

for NVs close to the surface as compared to deeper ones [78].
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Figure 5.7. Common T limitations of NV centers.

Illustration of the most common factors limiting the NV T2 coherence time. Surface defects
and termination groups targetable by surface conditioning techniques.

Fig. 5.7 depicts some of the classic limitations to the NV T» time. Surface defects

[79] and termination groups [80] hereby play a significant role. An even greater limitation
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to the NV T, time originates from neighboring 3C atoms within the diamond lattice.

However we will only concentrated on the surface impact in this chapter.
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(a) Coherence time values over NV depth, showing strong surface influence on the T»
performance. (Reprinted with permission from [78]. Copyright 2014 American Physical
Society). (b) Improvement of T, coherence time via thermal oxidation at 550 ° C.

(Reptrinted with permission from [81]. Copyright 2014 AIP Publishing LLC.)

The studies performed in Fig. 5.8 underline the importance of the diamond surface state

for T,. Fig. 5.8a depicts the general dependency of the coherence time to the NV depth

[78]. We can see that deeper NV centers exhibit longer coherence times, because they are

not influenced by surface effects. In Fig. 5.8b we can see how thermal oxidation impacts

overall T performance [81]. In that study it was shown that etching the NV bulk-diamond

surface for 1 hour at 550 °C improves the overall T, performance.

Unfortunately, not many NV surface conditioning studies have been performed

for NV nanodiamonds. Furthermore, sensing applications would benefit from having its

NV sensor as close as possible to its target molecule (which is partly a reason why
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nanodiamonds are often preferred in bio-sensing applications in addition to their higher

mobility). Hence the problem cannot simply be avoid by relying on deeper NV centers.

5.5 NF etching on NV nanodiamonds

From the results observed in chapter 4, we believe that nanodiamonds can be
structurally modified in a similar way. It is expected that NF etching will cause a size
reduction of the nanodiamonds, and with it a removal of possible spin noise on the diamond

surface (Fig. 5.9).
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Figure 5.9. Scheme of NV nanodiamond surface conditioning by NF etching.
Scheme of how NF etching could improve the electron spin properties in NV

nanodiamonds. NF etching is able to condition the surface of the nanodiamonds, reducing
the amount of structural defects and parasitic objects.

The reason why we think that NV nanodiamond electron spin properties can be improved
by NF etching is that T2 is limited by fast fluctuations (those which cannot be refocused by
refocusing techniques, e.g. Hahn-Echo) which can originate from flip-flops of spins along

the diamond surface. This lets us assume that the T time of the NV nanodiamond is directly
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dependent on the amount of noise on the surface of the diamond. 1 would like to note that
there has been recent research indicating that the main contribution to the decoherence of
the NV center in diamond originates from neighbouring nitrogen impurities within the
diamond itself, close to the NV center itself [67]. Regardless, the method applied in this
paper could still be interested for other color defects and qubit candidates, which are more
dependent on the surface noise conditions than the NV center. In order to reduce the impact
of the surface on the electron spin properties of the NV center, 1 would like to apply the
NF etching method. Instead of the obvious dynamical decoupling method, which has also
been proven to reduce the impact of surface noise [82], I would like to use the NF etching
method, which has proven to be effective in surface conditioning. The reason for choosing
the 325 nm laser as the far-field source is that previous research indicates that NF etching
based on a 325 nm light source has been successfully used for even etching diamonds [83],
all of course under ambient conditions. This chapter will demonstrate that under
sufficiently long NF etching times (325 nm), a visible size reduction of the nanodiamonds,
a decrease of the FWHM value of the ODMR spectrum and increase of the NV T»
coherence time was achieved. All these observations confirm the effectiveness of NF
etching as a surface conditioning technique, more specifically in the case of the NV
nanodiamond, for removing parasitic magnetic noise on the diamond surface.

As mentioned before, NF etching was used as an attempt to improve the electron
spin properties of the NV nanodiamond. During far-field light irradiation, ONFs are locally
induced at sub-wavelength objects (i.e. nano-scale surface protrusions), which interact with
the surrounding O, molecules, and are even assumed to cause the dissociation of said

molecules, in addition to the far-field photon energy. The dissociation of the O> molecules
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results in two highly reactive radical oxygen atoms, which will interact with its immediate
surrounding, and in our case causes the etching of the outmost layers of the nanodiamond.
Generally speaking, the ONFs have non-uniform properties, meaning that the conventional
dipole-approximation cannot be applied for them, which can result in the excitation of
dipole-forbidden states in molecules and thus trigger reactions such as NF based second
harmonic generations [84]. When considering the fundamental concept of NF etching, it is
crucial to remember that the photon energy of the far-field light source (325 nm, 3.81 eV)
has to be lower than the photo-dissociation energy of the etching gas molecule itself, in
this case Oz (242 nm, 5.12 eV) [85-88]. What this means is that the etching effect is
dependent on locally induced ONFs, instead of mere conventional adiabatic etching by
direct photo-dissociation of the O molecule through a strong far-field light source. NF
etching has been shown to be effective for both, conditioning diamond substrates as well

as nanodiamonds [89].

5.6 Experimental
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Figure 5.10. Fabrication of nanodiamond samples [90].
(a) TEM image of OH-coated monocrystalline nanodiamonds (Reprinted with permission

from [77]. Copyright 2013 I0OP Publishing Ltd). (b) Illustration of sample fabrication.
After ultrasonic rinsing, the nanodiamond solution will be dropped on the glass substrate.

In this experiment (Fig. 5.10) the NV nanodiamonds were irradiated by a He-Cd
laser (325 nm, 8 mW) under ambient conditions, i.e. atmospheric conditions with O>
molecules assumed as the etching agent. The size of the nanodiamonds were depending on
the experiment type typically between 50 and 200 nm. As described in the Method section,
the nanodiamonds were dispersed on top of a Si substrate. The rFND (50-nm, containing
single NV) were used for the AFM and T2 measurements, while the cFND (typically 200-
nm, containing approximately 500 NV, obtained through milling (8000M, SPEX) of
microdiamond powder) were used for the FWHM measurements. Both nanodiamond types
were initially covered by hydroxyl groups. Afterwards, the nanodiamonds were exposed to
UV laser irradiation. It appears that over UV laser irradiation duration the size of the
nanodiamonds has been reduced, including a possible improvement of the electron spin
properties. Anyways, we first would like to check the degree of the structural size change

of the nanodiamond over NF etching time
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Figure 5.11. Scheme of NF etching on diamonds surfaces [91].

A schematic view of NF etching on the NV nanodiamonds. ONFs are generated by the He-
Cd laser (3.81 eV) irradiation at the nanoscale protrusions on the nanodiamond surface.
Since the photon energy is below the O: dissociation energy (5.12 eV), Oz is only
dissociated at the protrusions, thus allowing selective etching (Reprinted with permission

from F. Brandenburg et al. Sci. Rep. 8, 15847 (2018). Copyright 2019 Springer Nature
Publishing AG)

5.7 Results and Discussion

In Fig. 5.12 we can see the degree of size reduction of the nanodiamonds over the
NF etching duration. It is important to notice that we are especially interested in the
parallel-axis (p) (i.e. parallel to the He-Cd laser polarization (E), rather than the
perpendicular-axis (s). Accordingly, the white dashed-lines in Figs. 5.12a and 5.12b
represent the parallel-axis and the perpendicular-axis of the laser polarization. Fig. 5.12a
shows a typical nanodiamond before we applied NF etching. Its diameter is roughly 200
nm [92]. In Fig. 5.12b we can see the exact same nanodiamond observed in Fig. 5.12a, but

this time after 90 min of NF etching exposure. What can be immediately seen here is that

the size of the nanodiamond between these two time-stamps has been drastically changed.
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After 90 min NF etching the diameter of the nanodiamond appears to have fallen to around
100 nm, roughly halved when compared to before etching. In the following part, Fig. 5.12c,
the cross-sectional area change along the parallel-axis and the perpendicular-axis has been
observed over the NF etching time-intervals. The data was obtained and averaged for 8
individual nanodiamonds. The changes along the parallel-axis and the perpendicular-axis
were observed since previous research indicates that NF etching should mainly occur along
the laser-parallel polarization axis. What we can see is that within the initial NF etching
interval (0-30 min) the area has been approximately halved (52% for p-axis and 62% for
s-axis). Over longer NF etching the size doesn’t appear to change as drastically as in the
initial time interval. After 60 min of NF etching the size along the p-axis was reduced to
46% and along the s-axis to 63%. Lastly, after 90 min of NF etching the size along the p-
axis was finally reduced to 42% while the area along the s-axis was reduced to 56%. What
we can also see is that in accordance to my previous study (Chapter 4), again, the NF
etching effect appears to saturate over etching time. 1 would like to note that it would of
course be nice to have longer NF etching times in order to deepen our understanding of the
saturation effect of NF etching over long very periods, however this proves to be extremely
difficult to realize in praxis (due to great difficulty in keeping the AFM locked onto the

same nanodiamond).
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Figure 5.12. Size reduction of NV nanodiamonds [91]

AFM images of the nanodiamonds, comparing their size before (a) and after 90 min (b) of
He-Cd laser illumination. The comparison in size has been further examined through AFM
in (c) by comparing the cross-sectional area of the nanodiamonds along the presumed
parallel laser polarization axis (p-axis) and the presumed perpendicular laser polarization
axis (s-axis), showing a general decrease in the cross-sectional area over illumination

time. (Reprinted with permission from F. Brandenburg et al. Sci. Rep. 8, 15847 (2018).
Copyright 2019 Springer Nature Publishing AG)

In Fig. 5.13 we more specifically observe the change of the ODMR spectrum and
its connected FWHM value for the NV nanodiamonds over NF etching time. Fig. 5.13a
shows the time-averaged ODMR spectra for 500 s. When looking at Fig. 5.13 we have to
remember that all the data has been obtained from the same NV nanodiamond, containing

500 NV, for each NF etching interval. What we can immediately see in Fig. 5.13a is that
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the FWHM of the ODMR spectrum appears to be decreasing with ongoing NF etching
exposure. To read out the exact FWHM we need to create a fitting of the raw data seen in
Fig. 5.13a. This was been done by a single Lorentzian fitting of the raw ODMR spectrum
in Fig. 5.13a. As a result, we were able to gain a more detailed view of the effective change
of the FWHM value, and this is shown in Fig. 5.13b. In Fig. 5.13b the dots are representing
the average FWHM value for each NF etching interval. The error bar hereby represents the
variance of the raw data points from their Lorentzian fitting in Fig. 5.13a. So, when looking
at Fig. 5.13b, we can see that the initial value of the FWHM was around 23 MHz and
decreased gradually over the NF etching time until it reached its lowest value at around
19.6 MHz after a total NF etching time of around 90 min. This means an effective ~15%
reduction, i.e. improvement, of the FWHM value compared to its initial value. What is
interesting however, is that after longer NF etching times than 90 min the FWHM value
seems to increase again, in the end reaching a value of approximately 20.5 MHz for etching
times up to 150 min. Another thing we have to take note of is that the NF etching as a side
effect also reduced the total contrast of the NV nanodiamonds (by reducing the net number
of NV centers). This is an unfortunate side-effect of the size reduction of the NV
nanodiamonds. Regardless, in theory we could prepare larger NV nanodiamonds with a
larger number of NV centers as well, in order to mitigate the contrast reduction side-effect
caused by the sample size reduction due to NF etching. Another idea would be to take into
account the typical NF etching ratio, and ensuring that future samples have the majority of
their NV center populations deeper inside the nanodiamonds. In this case, NF etching
would only condition the surface of the nanodiamonds, i.e. remove parasitic objects, while

the total amount of NV centers would stay nearly same. That is why we believe that our
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technique can generally improve the sensitivity of NV centers (by reducing its FWHM

value) while simultaneously keeping the ODMR contrast constant.
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Figure 5.13. ODMR spectrum and FWHM value of NV center [91]
(a) ODMR spectra before (blue solid line (left-hand vertical axis); 0 min.) and after (red
solid line (right-hand vertical axis); 60 min) NF etching. (b) FWHM value of the ODMR
spectrum as a function of the NF etching time. (Reprinted with permission from F.

Brandenburg et al. Sci. Rep. 8, 15847 (2018). Copyright 2019 Springer Nature Publishing
AG)

In Fig. 5.14a-c we consider the change of the Hahn-Echo T> coherence times of the
NV nanodiamond for before and after NF etching. In general, the accumulation time for

the Hahn-Echo T algorithm was 1000 s. Again, it should be noted that all Hahn-Echo
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signals were obtained from the same nanodiamond (single NV center type). In Fig. 5.14b
we can quickly see that the coherence time recess seems to be slower than in Figs. 5.14a
and 5.14c, thus we can say that Fig. 5.14b appears to have a longer T2 coherence time than
the other two figures. In order to be able to extract the exact T> coherence time for each
graph, we had to use an exponential fitting for each graph. The points (splatters in Figs.
5.14a-c) seen in each graph is the raw data obtained by the Hahn-Echo measurement. They
were fitted to an exponential function f(t) = exp[—t/T>]. In order to simplify the change of
T> coherence times, the T, coherence times were plotted as a function of the NF etching
time in Fig. 5.14d. All of the nanodiamonds used for the T. coherence time measurement
were only containing a single NV center on average and the error bar in this case simply
represents the variance of the raw data from their exponential fit from Figs. 5.14a-c. What
stands out immediately is the fact that the T. coherence time appears to be increasing with
the NF etching duration. Initially, the T> coherence time was approximately 1600 ns for 0
min. After NF etching was applied the T» coherence time increased up until its peak of
around 2000 ns after 60 min of NF etching. That is an increase of the T, coherence time of
about 25%. Interestingly, the T> coherence time started to drop again after that, for longer
NF etching times. It finally hit its bottom value of around 1400 ns (~87.5% of its starting

value at 0 min) for NF etching times longer than 120 min.
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Figure 5.14. T» (Hahn Echo) coherence time of NV center [91]
Normalized Hahn-echo signals (dots) before (a), after 60 min (b), and after 120 min (c) of
NF etching, with exponential fitting curves (lines). (d) The measured Hahn-echo T of the
single-NV nanodiamond as a function of the NF etching time. (Reprinted with permission

from F. Brandenburg et al. Sci. Rep. 8, 15847 (2018). Copyright 2019 Springer Nature
Publishing AG)

Another interesting aspect we can consider when looking at the effect of NF etching

on the NV nanodiamonds are its Cathodo-Luminescence (CL) values. For this experiment
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the 200-300 nm nanodiamond (containing 500 NV) was used. The 325 nm laser power was
constant at approximately 30 mW. In Fig. 5.15a we can see that with increasing NF etching
time the intensity ratio of the cathode-luminescence increases as well. The intensity ratio
reaches its peak value after around 60 min NF etching, which equals an increase of slightly
more than 100% of its initial value. After the 60 min mark, the intensity ratio starts to drop
of again, in similar fashion to the results for the T, coherence time and the FWHM value.
The reason for this drastic change of its CL signal can be derived from the strong impact

of non-radiative defects on the CL (Fig. 5.15b).
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Figure 5.15. CL value of NV nanodiamonds
(a) CL signal of the NV nanodiamond over NF etching time (b) Scheme of how NF etching

improves CL signals by decreasing the amount of non-radiative defects along the
nanodiamond surface.
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In the following Fig. 5.16 we can see the impact of NF etching on the overall
photoluminescence signal of the NV nanodiamonds. The photoluminescence observed in
Fig. 5.16a belonged to the 50 nm nanodiamond type (containing only a single NV center)
and we can easily see that NF etching did not remove the NV center. The intensity ratio of
the photoluminescence stays approximately same throughout the whole NF etching
duration. In Fig. 5.16b we can see the general photoluminescence spectrum of the before
mentioned nanodiamond. From its photoluminescence spectrum we can clearly see that the

signal does indeed originate from a NV center.

H 1.2 PL intensity

— 1.0
S0 o 0 © ® o o @
[14]
— 0.8
e,
b
C o086
>
=
n 0.4
c
@
]
£0.2
o 0 50 100 150 200
Etching time [min]
u PL spectrum
— 1400
w A >645nm
9 1200
5 1000 l
§, 800
2 600
§ 400
€ 200
=00 600 700 800

Wavelength [nm]

Figure 5.16. Photoluminescence intensity spectrum of NV nanodiamonds
(a) Photo-luminescence signal of the NV nanodiamond over NF etching time (b) Photo-

luminescence spectrum showing the typical NV center vibrational band reaching up until
the infrared wavelengths.
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What has been demonstrated by the results is the fact that NF etching is indeed
capable of increasing the T» coherence time of NV nanodiamonds as well as reduce the
FWHM value of NV nanodiamonds, thus increasing the sensitivity. Both improvements
happen on a relatively early time-frame, until they peak at around 60 min for the T»
coherence experiment and around 90 min for the FWHM value experiment. We can
conclude from Fig. 5.13b and Fig. 5.14d that there is a specific time interval for specific
NV nanodiamond samples in which their respective electron spin property (T2 coherence
time or the FWHM value) can be greatly improved by NF etching.

In regards to the reason for why NF etching could possibly change the values of the
T> coherence time as well as the FWHM value, the following comes to mind. It has
previously been shown that especially the ODMR spectrum strongly depends on the state
of the diamond surface. This has been especially true in cases where the NV center was
close to the diamond surface [93]. When looking at the effectiveness of NF etching for
improving FWHM values, we need to keep in mind that the FWHM value is limited by the
internal distortion of the nanodiamond, and can thus not be reduced beyond a certain limit.

When considering the change of the T, coherence time, we can explain its change
in a similar fashion to the explanation for the change of the FWHM value. In general, the
NV center is affected by its magnetic environment. So for NV centers which are very close
to the diamond surface, the surface noise could play a quite large role in its T coherence
time. However previous research has already shown that NF etching is able to condition
sample surfaces, including diamond samples. It has also been shown many times that NF
etching is able to smoothen sample surfaces, by e.g. removing structural impurities. Now

in case of the NV nanodiamonds, due to the nature of its fabrication, there could be
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structural defects as well as termination groups along the surface of the nanodiamond,
which both can affect the NV centers T. coherence time. So logically, NF etching should
be able to reduce the amount of structural defects as well as termination groups at the
nanodiamond surface over ongoing etching duration. The impact of surface defects has
been previously shown already [79]. Generally speaking, surface defects can create a defect
level in the band gap of the diamond, which will then be occupied by an electron whose
spin will influence the NV centers spin. Surface termination groups have also been shown
the affect the spin coherence time of NV centers in diamond, as previous research has
concluded that attached atoms to the diamond surface can influence the NV centers in it
[80,94]. Another parasitic component along the NV nanodiamond surface is its dangling
bonds. These dangling bonds are not able to covalently bond with another partner and are
therefore occupied by unpaired electrons whose spin interact with the NV center [95]. Also,
we have oxygen molecules which naturally adsorb themselves onto the diamond surface.
Those oxygen molecules have a paramagnetic nature [96] and thus also affect the NV
center spin. By considering these parasitic components, we can explain the improvement
of the NV nanodiamond electron spin properties by the removal of said parasitic
components by NF etching. More specifically, during the early time-intervals of NF
etching, a lot of the nanodiamond surface defects as well as termination groups (or coating
residue) could have been removed by NF etching. This should have happened in a steady
rate up until the 60 min mark for the T, coherence time experiment and until the 90 min
mark for the FWHM value experiment. For even longer NF etching durations than that, we
found that the NV nanodiamond electron spin properties got worse and worse. This could

be explained by an increased number of dangling bonds and adsorbed oxygen molecules
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along the nanodiamonds surface. The adsorbed oxygen molecules theory seems especially
likely since the NF etching eliminates termination groups as well as carbon atoms resulting
in energetically unstable dangling bonds along the nanodiamond surface. These
energetically unstable dangling bonds could attract reactive compounds in the air, which
will then further affect the NV spin. One theory which we can definitely exclude as a
possible explanation for the decrease of NV electron spin properties is the removal of too
many NV centers by NF etching, since in e.g. Fig. 5.14 we received an NV signal
throughout the whole NF etching distance as well as by pointing out the result in Fig. 5.16a.
In regards to the different peak marks of the NF etching duration for T, coherence time (60
min) and FWHM value (90 min) we can simply point to the fact that we used two different
types of nanodiamonds. The nanodiamonds for the T, coherence time experiment were
around the size of 50 nm and only contained a single NV center on average. The
nanodiamonds used for the FWHM value experiment on the other hand were larger
nanodiamonds (200-300 nm) and included a higher number of NV centers (approximately
500 NV centers per nanodiamond). The reason for using two different nanodiamond types
is simply that the NV-dense nanodiamond is much more suitable for ODMR applications,
while the single NV nanodiamond is more interesting for specific applications such as
guantum computing applications, where we are only looking for a single photon source.
The improvement of the cathode-luminescence signal depicted in Fig. 5.15 can be
explained in similar fashion to the improvement of T coherence times and FWHM values.
NF etching conditions the nanodiamond surface and reduces the amount of structural
defects along it. It seems therefore logical that the cathode-luminescence signal can be

increased as well, since it is generally restricted by non-radiative defects on its surface.
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To briefly sum up this chapter, NF etching could help improve the sensitivity and
T2 time for various NV ND based applications, however our experiments have shown some
great limitations to NF etching as well. First of all, the post-NF etching diamond surface is
likely to re-adsorb gases and water in the air, which will negatively influence the NV spin
performance. The optimal NF etching time in this experiment was found to be 60 min (T2)
and 90 min (FHWM), however electron spin values were obtained immediately after NF
etching was performed. So in order to say how robust our technique is for improving NV
sensing long-term, the electron spin values should be measured and compared again after
some time (e.g. T2,60min VS T2,60min(+1week)). Overall, the post-NF etching-benefit robustness
is not well understood yet.

Another problem stems from the NV sensing performance for higher etching times.
While we found that spin performance peaked at 60 min (T2) and 90 min (FHWM), the
increase was followed by a subsequent decrease of spin performance parameters (reaching
even lower values than the initial state). In Fig. 5.16 we try to sum up this behavior. A
possible reason for this could be that the benefits from NF etching (removal of surface
defects, termination, etc.) saturate after a specific time, and the effects of dangling bonds
and adsorptions start to overtake. We also need to consider the fact that NV centers close
to the surface generally perform worse [78], and NF etching reduces the NV center depth.
Reasons for this seem to be beyond the impact of surface impurities, and rather an issue of

the charge loss of the NV centers (conversion to neutral NV?) [97].

83



Surface defects, termination, etc.

T2

Dangling bonds, adsorption

net change

v

Etching time

Figure 5.16. Net T2 change over etching time
T, diminishing effects (NF etching caused increased adsorption and dangling bonds)

overtake T, improvement after a certain time, resulting in an adverse effect on NV spin
performance.

Another issue with NF etching improved NV sensing stems from the fact that stems from
the fact that most bio-sensing applications immerse their NV NDs into liquids. In that case,
the benefits of surface cleaning from NF etching could quickly be cancelled out again.
Lastly, the peak performance NF etching time appears to differ between ND samples (60
min vs 90 min). When considering that NDs differ for each sensing application, the optimal
NF etching time needs to be readjusted for each experiment as well. Adding to that, even
NDs of the same type suffer from natural structural (i.e. size) and material (NV number)
variances. Therefore, it might be that optimal NF etching parameters should be found for
each respective NV ND.

However, some practical limitations aside, NF etching could be able to push some
applications just enough to reach a new dimension of sensing (Fig. 5. 17). Also NV bulk
diamonds should in principle be improved by NF etching as well, due to the same reasons

as NV NDs (surface noise removal). In addition to that, NV qubit applications are often
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performed under cryogenic conditions, hence re-adsorption impacts might

be reduced as

well.
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Figure 5.17. Target sensing applications for NF etching [98, 99]

(a) HeLa cells experiment based on NV ESR sensing. Inset showing fluorescence signal of

NV NDs including their individual ESR spectrum. (Reprinted with permissi

on from [98].

Copyright 2014 Elsevier Ltd.) (b) Magnetic field sensitivity requirement for various
applications, showing that especially bio-sensing applications require extremely high
sensitivities (Reprinted with permission from 99]. Copyright 2003 Elsevier Ltd.).
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Chapter 6.

Synthesis of Ag nanoparticles by NF based photo-reduction of Ag*

6.1 Background

Although in our previous experiments we have proven the effectiveness of e.g. NF
etching on surface conditioning, there has first of all still not been a direct proof of NFs for
those experiments, and secondly, the parameters needed for NF etching are still quite
unclear. For example, we know that NF etching can be achieved by illuminating the sample
surface with light sources lower in energy than the direct photo-dissociation energy level
of the etching agents, however the exact importance of parameters such as the wavelength
and light power are still unclear. Furthermore, we would like to examine whether NF
etching has a linear or non-linear dependency to the incident laser power. Understanding
the power dependency of NF etching might help us understand what exactly causes the
photo-dissociation in the first place (e.g. second harmonic generation, two-photon
absorption, etc.) All these possible candidates should increase differently (i.e. linearly,

exponentially, etc.) with increasing power.

6.2 ONF power dependency

Previous research has tried to examine the power dependency of NF etching by
observing the change of the etching rate on nanodiamonds depending on the incident laser
power. This time, instead of applying NF theory for the etching of samples, we would like
to synthesize something with the help of NFs. The general idea is basically that etching is
overall difficult to evaluate, due to the sturdiness of inorganic materials, especially when

considering the theoretically low magnitude of localized ONFs when looking at a
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macroscopic scale. Hence we decided to synthesize silver nanoparticles (NPs) with the help
of ONFs. In Fig. 6.1 the NF etching experiment has performed with three different far-field
laser powers (0.5, 0.9 and 3.0 mJ). The far-field light source for this experiment was a
nano-second laser of 266 nm (pulse width = 20 ns), with ambient O. molecules (242 nm)
as the etching agent. In the bottom images of Fig. 6.1 we can clearly see that the overall

sample surface appears to have been etched by the nano-second laser.

Figure 6.1. Nano-second laser power-dependent etching [100].

(top) AFM images of nanodiamonds before NF etching. (bottom) AFM images of
nanodiamonds after NF etching. (Reprinted with permission from [100] Copyright 2017
Springer-Verlag GmbH Germany)

For evaluating the volume reduction of the nanodiamonds, let us look at Fig. 6.2a.
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Figure 6.2. Power dependency of ONFs [100] and [38].
(a) Etching volume of the nanodiamonds linearly-dependent to the nano-second laser

power (Reprinted with permission from_[100] Copyright 2017 Springer-Verlag GmbH

Germany). (b) Dissociation energy for €, obtained from Born-Oppenheimer equation. (c)
Dissociation over laser input power shows non-linear dependency for ONFs ((b)&(c)
Reprinted with permission from [38]. Copyright 2016 American Physical Society.)

In Fig. 6.2a, the etched volume seems to increase linearly with the laser power. However,
we need to consider the fact that we used a nano-second (pulse width = 20 ns), instead of
a continuous, laser for this experiment. These are naturally more reactive with sample
surfaces and thus makes it difficult to conclude the power relationship of NFs when using
continuous lasers. In his paper [38] M. Yamaguchi and K. Nobusada calculated the
_ o 2 in dependence of laser power (Figs. 6.2b-c), based on a non-Born-
dissociation rate of H

Oppenheimer Schrédinger equation. Hereby they found that the non-uniform ONF opens

an additional, electric-dipole forbidden, excitation path, which reaches the dissociation
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band through vibrational states. Also they found that the H2 dissociation via this additional

path has a o« I? dependency on the ONF power |.
By using Au NPs (average diameter of 6nm) as an ONF source (under the far-field

illumination) in combination with a Ag-ion solution (high quantum vyield) | hope to
photosynthesize Ag by the ONFs around the Au NPs. NF based synthesis was chosen over
etching, since it is easier to evaluate the change under microscopy (higher rates). Then by

evaluating the synthesized Ag volume over ONF power | hope to experimentally confirm

the o I2 dependency which was theoretically calculated by M. Yamaguchi and K.
Nobusada. Additionally, the results in this chapter will gives us future insight for the

experiments in Chapter 4 and Chapter 5 as well, since the results in this chapter help us to
obtain the ONF power dependency. After that, the experiments in Chapter 4 and Chapter
5 could be performed again as a power-dependent experiment, and compared with the

dependency obtained in Chapter 6.
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6.3 NF based silver synthesis

Figure 6.3. Scheme of NF based silver reduction amongst gold NPs

Principle of silver synthesis by ONFs. Pink sphere representing the locally induced ONF
outside the gold NP.

The silver ions are solved in a photo-sensitive solution, and can be reduced to
charge-neutral agglomerates when illuminated by the right wavelength. The core principle
is depicted in Fig. 6.3. Au NP (~ 6 nm) are submerged into a photo-sensitive silver ion
solution. The photo-initiator, Irgacure 819, has a close to unity quantum yield for its photo-
cleavage [101]. The solution contains 0.1 wt% AgNOs and 0.2wt% Irgacure 819. The
wavelength of the far-field light source has to be above the absorption spectrum of the
solution, meaning that there is no direct photo-generation of silver aggregates due to the
far-field light source. Similar to the principles of Chapter 4 and Chapter 5, the
photochemical reaction is caused as a combination of the far-field photon and the NF
photon. The ONFs are induced across the Au NPs. Contrarily to Chapter 4 and Chapter 5
(NF based etching), ONFs are used in order to synthesize silver aggregates along the Au
NP surfaces (NF based synthesis). The Au NPs are evaluated through a transmission

electron microscope (TEM) and evaluated in size and shape before far-field illumination
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and after far-field illumination. In other words, TEM observed silver aggregates along the
Au NP surface are used as an indicator and direct proof for the existence and quantity of
the localized ONFs. The Au NPs were chosen to be ~6 nm since they show the lowest
natural absorption (Fig. 6.4) for the wavelength we used (since we want to exclude other

optical phenomena, such as conventional plasmon resonance).

A 0.010-

sSnm

Absorbance

400 500 600 700 800
Wavelength [nm]

Figure 6.4. Plasmon resonance spectrum for gold nanoparticles [102]

Absorption spectrum for Gold nanoparticles of varying sizes; 5nm (black), 20nm (red) and
50nm (blue). (Reprinted with permission from [102]. Copyright 2015 Elsevier B.V.)

6.4 Results and Discussion

Before testing the effectiveness of NFs for photo-inducing silver nanoparticles, |
decided to check the general effectiveness of the silver-ion solution by simply inducing
silver nanoparticles with a far-field light source. For this purpose, | used a far-field source
of 325 nm wavelength (He-Cd laser). In Fig. 6.5 we can see how photo-induction of silver
nanoparticles looks like through the TEM. In Fig. 6.5a we have a typical TEM image of

the before-illumination state, in which we can only see a couple of gold nanoparticles,
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which are included in the initial solution. After just illuminating the sample for around
120s, we can see a now typical TEM image of the solution (Fig. 6.5b) that shows that a

vast amount of silver nanoparticles has been induced within the solution.

|

Figure 6.5. Silver nanoparticle synthesis caused by 325 nm light absorption
(a) Typical TEM image before illuminating the photo-sensitive solution with a 325nm laser.
Visible are only a couple of gold nanoparticles. (b) showing typical TEM image after 120s

of 325nm illumination. We can clearly see that a great amount of silver nanoparticles was
induced.

This result confirms that the silver-ion solution can be used as an indicator for
photo-induction.

In the following section experiments have been performed with an 808 nm light
source, where the exact same gold nanoparticles have been observed before and after
exposure. Hereby, and for all the following results, the values (e.g. diameter or volume
increase) for each single laser power have been obtained as follows. An Au NP containing
TEM grid has been observed through the TEM and its Au NP dimensions were measured.
Afterwards, the TEM grid was being exposed to the respective laser wavelengths and
powers while being submerged in the photo-sensitive silver-ion solution. After drying, the

TEM grid was again observed under the TEM and the exact same Au NP from before were
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checked in dimension again. This procedure happened once for every TEM grid, i.e. two
TEM observations for each TEM grid or simply put; before and after light exposure. Three
TEM observations for the same TEM grid are highly difficult to perform, due to the
fragility of the grids. The result is that we cannot observe the dimensional change of the
exact same Au NP over all laser-power-steps. So | decided to plot the relative dimensional
change (since the observed Au NP for each power step are different from each other, and
also have different initial dimensions) for each laser-power interval. Overall this type of
setup allowed us to follow individual Au NPs for a precise understanding of the volume
change (i.e. silver synthesis along the Au NP surface) over laser power, meaning it allows

us to deduct their correlation behavior.
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Figure 6.6. TEM image of Au NPs observed for topological changes
(a) TEM grid image showing markers for relocating Au NPs after experiments (b) cross-

section of TEM grid, showing sample fragility due to thinness. (c) Sample image showing
size change of Au NPs after 808nm exposure.

Fig. 6.6a shows how the same Au NPs can be relocated between experiments. The

middle of the TEM grid (black circle) allows us to navigate to the same locations again. In
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Fig. 6.6b we see the cross-section of the TEM grid and the attached Au NPs. Overall, the
carbon film below the Au NPs is extremely thin and fragile, hence repeated exposure to
the solution and laser illumination increases the risk of tearing the carbon film. Fig. 6.6¢
shows how the Au NPs change after illumination. The size increase is due to the deposition
of photo-synthesized Ag (confirmed by EDS, see Appendix C4). The diameter increase
after illumination is obtained by a computer vision software (National Instruments) (see
Appendix C3).

In Fig. 6.7a we can see a typical TEM view of our Au NPs. The mean diameter and
standard deviation of every single Au NP observed in this section can be seen in Fig. 6.7a
as well. Those values were obtained from the histogram of the Au NP size as show in the
inset of Fig. 6.7a. On the right-hand side (Fig. 6.7b) we see a brief scheme of how the ONF
is expected to photo-induce the silver synthesis. The silver synthesis should only occur
within the ONF, and as a result the Au NP size is expected to grow (attached Ag). In this
section we use an 808 nm laser (exposure time: 15min @200mW, power density:
133mW/cm?) and a He-Cd laser (325nm) (exposure time: 1.5min @9mW, power density:

144mW/cm?).
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Figure 6.7. Initial size distribution of Au NPs
(@) In total 35 distinct Au NPs were observed. Inset showing Au NP size distribution (b)

Scheme of particle growth (i.e. Ag synthesis (blue sphere)) within the ONF (orange
sphere).

In Fig. 6.8a the relative increase of the maximum Feret-Diameter (i.e. the maximum
diameter) of each gold nanoparticle has been plotted versus excitation power. The VVolume

in Fig. 6.8b has been calculated from the mean radius value in Fig. 6.8a. We can see in Fig.

6.8b that the relative volume increase appears to have a « I? dependency. Our « I2
dependency seems to be dependent on a single measurement point (1I=2000mW), however

this value represents the mean volume increase for 5 individual Au NPs, and should
therefore be reliable. This result is rather interesting because in Fig. 6.2a [100] a linear

dependency over laser power was found. From the absolute added volume for each step,

95



we estimate the average number of added Ag-atoms per second on a single Au NP to be

10.47(@200mW) and 496(@2000mW).
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Figure 6.8. Power-dependency for ONF-based Ag synthesis
(a) Relative increase of Au NP diameter (pink squares. (b) Relative increase of Au NP

volume (pink squares) shows rising behavior of o €¢ (I: excitation power).

In order to ensure that photo-synthesis is being caused by ONFs, previous experiment
(808nm @200mW) was repeated without including the photo-sensitive agent, Irgacure 8109.
Fig. 6.9 proofs that NF-effects outweigh thermal effects and thus confirms that our reaction

is mostly ONF dependent.
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Figure 6.9. NF-effects vs. Thermal-effects in Ag synthesis

The 808nm experiment (200mW laser-power) compared between with Irgacure 819 (green

squares) and without Irgacure 819 (blue triangles).

In the following, Fig. 6.10a, shows the relative volume dependence of FF-based excitation

(Fig. 6.10b). Comparing the relative volume increase between 808nm (ONF) and 325nm

(FF), we conclude that ONFs behave non-linear (« I?) to laser power while FFs show a
saturating power-dependency, with t1=8.37482. ONF-based photoreaction is dependent on

forbidden intermediate energy levels, i.e. the absorption of various photons, so the 12 seems
to be natural. It seems also obvious that the power-dependency of FF-based photoreaction
will saturate, since at some point the incoming photons far outweigh the available Irgacure

819 in the vicinity of the Au NPs (ONF is not saturated due to much lower number of total

photoreactions).
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Figure 6.10. Power-dependency for FF-based Ag Synthesis

(a) Normalized increase of Au NP volume (pink squares) shows saturation for far-field

based excitation (t1 = 8.37482). (b) Scheme of particle growth (i.e. Ag synthesis) induced
directly by far-field light exposure.

To illustrate how the FF-based photoreaction saturates, Fig. 6.11 should be understood first.

In a back-of-the-envelope calculation the amount of average Irgacure 819-molecules and

Ag*-atoms at any given time within the vicinity (~2 € €@of an Au NP (see Fig.6. 11b), is
approximately 0.929 and 0.229 for Irgacure 819 and Ag*, respectively. Hereby the value

2nm should be a good guess since the average length of the Irgacure 819 molecule is around
1nm. These values further make it seem very reasonable that a saturation value for FF-

based synthesis exists.
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Figure 6.11. lllustration of FF saturation due to limited availability of photo-components.

(a) Amount of photons (blue circle) that will cause saturation, (b) due to scarcity of free
photo-components (i.e. Irgacure 819 & Ag™)

There are some obvious limitations to this experiment however. First of all, since the Au
NPs increase over exposure time, the system does not have the same conditions anymore
(i.e. resonance shift and change of net collected photons) and a comparison between
different power-steps gets more ambiguous. In Fig. 6.8, we saw an overall increase of the
Au NPs from 6 nm diameter to approximately 15 nm diameter. Although Fig. C.2b in
Appendix C indicates that the absorption spectrum for Ag NPs in similar size (e.g. 10-30
nm) is quite similar, we still have a change of collected photons over different particle
sizes. Furthermore, Fig. 6.12 shows the simulated electric field intensity (under 808nm
light irradiation; linearly polarized) amongst the Au NPs depending on their size. We can
see (Fig. 6.12a) that under the same laser conditions, 2) and 3) appear to have a higher local

electric field intensity peak than 1) (note that in Fig. 6.12a the dark red spheres represent
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the additionally attached Ag onto the Au NPs). 2) and 3) are compounds, consisting of an

Au core (identical to 1)) and Ag outer mantles.
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Figure 6.12. Simulation of size dependency of 808nm experiment

(a) Size distributions for Au NPs 1)-3). 1) consists purely out of Au (green), while 2) and
3) have an additional Ag mantle (dark red) y-polarized 808nm CW laser perpendicular to
ground substrate (grey).The minimum grid size was hereby 0.1 nm. (b) 3D surface heatmap
of E-field intensity around the Au NPs showing higher peak intensities as well as overall
intensity volume for larger spheres. (c) Cross-section (red line, see (b)) depicting E-field
intensity integrated above baseline (E-field intensity=300). (d) Showing relationship
between volume increase and average E-field intensity (from (c)).

Fig. 6.12c depicts the cross-section area of the electric field intensity around each

NP. In [112] the surface plasmon resonance (SPR) related scattering cross-section

(@9 ¢9¢ and adsorption cross-section (@ ¢¢ for metal nanoparticles was found to increase

by « € and « €, respectively (d = particle diameter). This means that the calculated
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values €yg gand @y gfor our (d=15nm)-NP should be 9° = 531441 times higher for

m and 729 times h| her for % than thwd =6nm)-NP. However, the results in_Fig.
&dlrectly contradlc these ass ﬁptlons e can thus assume that the Au/Ag NPs are
off-resonant for the 808nm excitation. As such, the < 12 dependency obtained in Fig. 6.8b
should not be caused by the changing resonance properties of the particles.

In addition to having a changing system (size), the results in Fig. 6.8 indicate that
there is a rather significant difference between the theoretical starting value (at position I
= 0) and the first measured step (I = 20mW). This error margin could stem from fact that
the computer vision software is not able to perfectly transform the raw TEM image into an
identical binary image, since the Au NPs borders in the TEM image are always slightly
blurred. Furthermore, while Fig. 6.9 shows that thermal effects are rather small for
measurement steps between 20mwW and 200mW, future experiments should include the
thermal effects for higher laser powers 400mW and 2000mW as well, in order to conclude

that the non-linearity is indeed due to ONFs. Lastly, the ONF power dependency (« 1) in
molecule photo-dissociation). However, in our case ONF

[38] was directly obtained (H'Z*
based Irgacure 819 molecule dissociation will need to chemically interact with Ag-ions
first and then congregate around the Au NPs, before it can be evaluated, adding more layers

of complexity.

Interestingly, Fig. 6.8b and Fig. 6.2a show a different dependency on the ONF
power. One could speculate that due to their smaller size and their generally higher optical

resonance, Au NPs should have relatively stronger ONFs than Nanodiamonds.
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To sum up, the results obtained in this chapter hint at a « I* dependency (Fig.6.13a),
and could therefore potentially be a confirmation of the simulated ONF power dependency

(Fig.6.13b). However limiting factors need to be more thoroughly understood first.
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Figure 6.13. Theoretical and experimental ONF power-dependency comparison [38]
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Chapter 7. Conclusion and Outlook.

7.1 Summary and outlook for Chapter 4

In Chapter 4 we were able to control the structural width of the photoresists when
using the 325nm laser source. Hence NF etching could be promising as a counter-measure
for reducing the amount of full and half-bridges in the increasingly smaller CD values in
the high-end semiconductor industry. At the same time, both lasers (325nm and 405nm)
showed that they were able to reduce the surface roughness at the top of the photoresists.
In principle, this means that NF etching can be used as well in order to improve LER and
LWR values. Successfully using NF etching to reduce stochastic effects in EUV
lithography would greatly relieve the RLS tradeoff relation, meaning that companies are
able to focus on other aspects while saving production costs. The currently only thing
keeping CARs from manifesting themselves as the industrial standard for EUV as well is
their high roughness. However, we need to consider that industrial applications rely on
more complex resist patterns. Since NF etching was only studied on the continuous
line/trench pattern, examining the NF effects first on more complex pattern compounds

would be useful.

7.2 Summary and outlook for Chapter 5

In Chapter 5, the NF etching parameters from Chapter 4 with the greatest etching
rate (325nm) are applied on NV NDs, resulting in a structural change of the NDs as well.
The NV spin performance, which is negatively affected by surface noise, seems to be
improved initially with NF etching times, but decreases again with ongoing etching times.

The peak NV spin performance value was hereby found to be 60 min for the T2
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measurement and 90 min for the FWHM measurement. NF etching could be useful for
improving NV sensing applications, however long-term post-NF etching NV spin

performance stability needs to be further studied.

7.3 Summary and outlook for Chapter 6

In Chapter 6, the results for the 808nm laser hint at an 1> power-dependency (ONF),
while the results for the 325nm laser let us assume a saturating power-dependency (FF).
However, changing conditions due to the Au NPs size increase (resonance shift & higher
photon collection) might complicate a direct comparison between the power-steps. The
impact of thermal effects for higher laser powers (e.g. 400mW and 2000mW) should also
be examined, in order estimate its overall contribution to the observed non-linear behavior.

To conclude, the main idea of this thesis was to take advantage of the knowledge
obtained in Chapter 4 (width control & surface smoothening) in order to improve other
industrial applications which could benefit from the surface conditioning offered by NF
etching. The choice fell on NV centers in NDs (Chapter 5), due to their high dependency
on their surface state. Furthermore, direct chemical component analysis (e.g. EDS or XPS)
to evaluate NF etching performance has always been tricky due to the small size of the
samples. Hence the results in Chapter 5 could be used as evidence for the surface chemistry
change caused by NF etching. The results in Chapter 6 could be interesting as well, if we
in future can find a way to stabilize the experimental conditions (thermal, system size
change). Overall, using photochemical reactions to study about ONFs can be effective,

however under the assumption that limiting parameters are fully understood.
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7.4 Final summary and outlook

In a general outlook, future applications for NF etching are in my opinion especially
attractive in the EUV lithography industry. EUV lithography is the current high-end
fabrication technique in the semiconductor industry and will most likely remain so for the
foreseeable future. Currently the main problem for EUV is finding a suitable photoresist.
Commonly used CARs in DUV lithography don’t seem to suffice for EUV anymore, since
stochastic effects are large (especially at 5 or 7 nm node dimensions). However | believe
that most of these stochastic effects (e.g. bridges or roughness) can be tackled well with
the techniques presented in this thesis. The structural change caused by NF etching with
325 nm was rather large, so the optimal etching time would have to be readjusted for
different samples. Although photoresist patterns in EUV lithography will be significantly
smaller (less than a tenth) than the photoresists presented in this thesis, | believe that the
results in Chapter 5 (50 nm sample) and Chapter 6 (6 nm sample) show that NF etching
should have no issues with smaller photoresists. It would be nice to perform some NF
etching experiments on some current EUV photoresist patterns. | also believe that the
improved NV ND spin properties show potential for future applications, albeit not as
promising as the organic photoresist results. Future experiments need to confirm the long-
term stability of the NF-etched NV centers, since re-adsorption seems to be a big problem.
The same issue persists when immersing NV NDs into liquids (after already improving
their spin performance with NF etching), since the diamond surface will get quickly
contaminated with impurities again. On the other hand, while the results from Chapter 6
seem quite interesting, more experiments are definitely needed in order ensure that the I?

dependency stems from ONFs indeed. Hereby, examining the impact of thermal effects for
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higher laser powers has to be one of the top priorities, as well as finding a system which
doesn’t change its conditions. While I think that the 6nm Au NPs are very suitable for ONF
experiments, it might be better to confirm the ONF caused photo-dissociation through ways

other than Ag synthesis, e.g. photo-current measurement.
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Appendix A.

Methods and analysis for the experiments presented in Chapter 4

A.1 Atomic force microscopy (AFM) with L-Trace Il

The Atomic-Force Microscopy (AFM) a high-end type of scanning probe
microscopy (SPM), and it allows resolutions exceeding the optical diffraction limit by a
factor over 1000. The AFM large stage unit L-Trace Il has been developed by the Hitachi
High-tech Science Corporation. For my measurements | will be using the AFM5000 series
apparatus. More precisely, the system software supports a Dynamic Force Microscopy
(DFM) mode, which means that the system possesses a hybrid feature of the fundamental
contact mode and true-non contact mode. Furthermore, the software of our system supports
the Sampling Intelligent Scan (SIS) feature, which basically means that the system is able

to cope better with inhomogeneities, such as holes or scrapes, on top of the sample surface.
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Figure A.1 User interface for inbuilt AFM roughness evaluation software.

Evaluating the sample surface roughness with an AFM-specific software. The circled (red)
value indicates the mean surface roughness of a selected area inside the scanned area.
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The above picture is showing the roughness analysis of a diamond sample surface.
After the L-Trace Il cantilever sweeped over the sample surface, while measuring the
height of every pixel, the software will provide a thorough analysis of the surface. On the
top right side you can see the sideview of a specified area, controlled on the image console.
This feature is useful when trying to examine the depth of holes or scratches. Also it comes

in handy when ensuring the height of my pattern structure, Nano-pillars and Nanowires.

A.2 Surface roughness evaluation

One important method for analyzing the effectiveness of the NF etching is
evaluating the change in its surface roughness. For that we have a fixed approach
procedure. The expected mean value of the surface roughness (Ra) is described by the

following equation:
1
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Figure A.2 Mathematical model visualizing the best fitting plane.

Evaluating the sample surface roughness with an AFM-specific software. Mathematical
model visualizing the best fitting plane
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Appendix B.

Methods and analysis for the experiments presented in Chapter 5

B.1 Charge of the NV Center

The nitrogen of the NV center is highly influencing the electronic structure of the
defect and therefore also influencing its optical spectrum. However, early research of the
NV center spectrum indicated the existence of two distinctively different NV centers. It
then became apparent that those two different NV center were caused by different charging
states of the NV center. Later it was found that the NV center is surrounded by five
electrons. Three of those electrons originated from the three connected carbon atoms
respectively, while two of the electrons originated from the nitrogen atom itself. However,
electron spin resonance experiments indicated the existence of an even number of electrons
within the NV center, because its spin should equal S = 1 [102]. Even up until now the
charge state of the NV centers is not fully understand. For the working model of the NV
center, people just imagine six electrons, where the additional electron originated from the
surrounding crystal lattice [103,104]. As a result of the six electrons, we need to think of
the NV center as a negatively charged point defect, which is also called NV" as opposing
to the NV©, which is the NV center with only five electrons. The reason that sometimes
NV centers are neutrally charged (only five electrons) is the lacking of an electron donor
in the surrounding diamond lattice. Generally, people refer to the negatively charged NV
center as the standard, regular NV center, since it is more interesting to study than the

neutrally charged one.
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B.2 Electronic structure model of the NV center

Generally speaking, the NV center can be viewed as a three-level-system, meaning
a system hosting three potential electronic states. The first one is the ground state A, and
the second one is the excited state 3E as well as the metastable *A [105], which energetically
speaking lays between the ground and the excited states. The ground state and the excited
state are triplet states [106], while the metastable 1A state is only a singlet state, which was
detected through examining the infrared spectrum of the NV center [107]. Although people
were able to energetically confine the *A state in between the ground state and the excited

state, they don’t have much deeper knowledge about it yet though.

B.3 Optical properties of the NV Center

In order to prove the existence of the NV center, one can use relatively simple
methods. For purely spectroscopically purposes, one can use standard components of
conventional microscopy. Hereby, it is of special importance to use an objective lens with
a sufficiently high magnifications factor (in general above 60) and a sufficiently high
numerical aperture (in general above 0.4). These lay the foundation for photoluminescence
measurements, in which we can examine and prove the existence of NV centers.

In the following figure, you can see the simplified structure of the 3-state energy
structure of the NV center. The number “3” in front of the ground and exited states indicate
the allowed number of spin-states ms. The spin multiplicity can hereby obtain values of up
to 2S + 1. If we imagine, as previously mentioned, that the total number of electron cause
S =1 for the negatively charged NV center, then it means that we have three possible spin-
states ms. Hereby, every single spin-state m vector can obtain values between [-1, 0, +1].

This phenomena leads to a Zeeman-Splitting of the emission line, which can be confirmed
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through ODMR [108] or electron spin resonance (ESR) experiments. Accordingly the same
explanation can also be transferred to the singlet metastable state, although it doesn’t host
any spin-state varieties, although it has never been directly seen in experiments yet. The
arrows indicate which electron movements can be caused by the respective color of light,
or which electron movement causes the emission of a photon of the specific color. In the
absence of a separate, external magnetic field, such as it is the case in ODMR
measurements, you can see that the triplet spin-states energy levels essentially form only
two different spin-states. The first, higher-laying spin-state would be the m = -1 and +1
spins, while the second, lower-laying spin-state would be the m = 0 spins. The so called
“Zero-magnetic-Field” splitting, which means that there is no external magnetic field
applied, averages about 2.87 GHz between those to spin-state levels. Normally for the
resonant excitation of the NV center, people use laser light of the wavelength of 532 nm.
However, it is also possible to achieve ground state to excited state transitions through
excitation of the NV center into higher laying energy levels (above the excited state level)
and then through rapid relaxation a returning into the excited state. This means that we can
also excite NV centers with other laser wavelengths, however with a lower effectiveness
than 532 nm. Through the falling back of the system from the excited state into the ground
state a photon will be emitted. Hereby the energy difference between the two energy levels
equals 1.945 eV, which equals a wavelength of 638 nm. This specific emission is called
the zero-phonon-line, and is one of the main characteristics of the NV center spectrum. The
Zero-Phonon-Line is a result of a direct smooth transition from the excited state to the
ground state without any phonon interaction with the surrounding diamond matrix.

However, the phonons inside the solid-state matrix of the diamond typically have enough
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kinetic energy under room temperature, to excite a various number of phonons. As a result,
the phonons are directly involved in the optical transition of the NV center, and they allow
the system to reach higher and lower temporary energy levels, resulting in a broader
spectrum. Therefore, we can’t tell the exact energy value of the optical transition under
ambient temperatures. With an increase of the temperature, the spectral lines will be
broadened accordingly. The decaying path over the *A singlet state can cause a significant
reduction of the NV center photon emission [109]. The same concept also applies to the
neutrally charged NV center. Hereby the Zero-Phonon-Line averages about 575 nm. Hence
we can differentiate between the two different charge states of the NV center through
examining their Zero-Phonon-Line.

Whenever a system is in the quantum coherence state, it is basically in a

superposition and can therefore be used for quantum

B.4 Hahn-Echo T2 coherence time

Whenever a system is in the quantum coherence state, it is basically in a
superposition and can therefore be used for quantum operations. The most common NV
center coherence time measurement is done by the Hahn Echo method. Generally speaking,
T is the time required for the population to reach 37% (1/e) of its initial transverse total
magnetization. T, coherence time can be affected by various factors, including static local

field disturbances along the diamond
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Figure B.1. Scheme of Hahn-Echo T>
(a) Hahn-Echo pulse sequence for T2 (b) Typical Hahn-Echo signal obtained by our
confocal microscopy setup. Red curve is the automatically calculated exponential fitting

curve. (c) Visualization of how decoherence of the total magnetization of the NV spin looks
like (Reprinted with permission from [111]. Copyright 2018 AD Elster, ELSTER LLC).

B.5 Confocal microscopy & NF etching setup

Whenever a system is in the quantum coherence state, it is basically in a
superposition In order to obtain the electron spin properties of the NV nanodiamonds, i.e.
the ODMR and Hahn-Echo T signals, | used a confocal microscopy setup. This setup

enabled us the observation of a single NV nanodiamonds over the whole duration of NF
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etching (Fig. B.2). The NF etching sequence was applied in 30 min intervals, which enables
us a time-dependent evaluation of the electron spin properties of the NV nanodiamond, as

well as the earlier mentioned change in the size of the nanodiamonds (Fig. B.2).

Objective Lens
Ag Mirror
_l He-Cd Laser
! A=325nm
NV-center
Signal

Glass
Substrate

Laser /

A =532 nm

< 2><105’JJ~
{1x108
S um I
0

Figure B.2. Confocal microscopy setup combined with NF etching [91]

Photon counts (cp

(a) Schematic view of the experimental setup. (b) Typical 2D fluorescence mapping of the
NV nanodiamonds (500 NV type). (Reprinted with permission from F. Brandenburg et al.
Sci. Rep. 8, 15847 (2018). Copyright 2019 Springer Nature Publishing AG)

In Fig. B.2a we can see the general setup of the confocal microscopy setup. This

setup is the simplified version of the confocal microscopy setup for NV center sensing.
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Some advanced setup arrangements, such as the two avalanche photodiode (APD) setup or
the microwave control, are not shown in this image. In general, confocal microscopy setups
allow the user to obtain high resolution images of their samples. The laser has been
manufactured by Laser Quantum and emits light of the wavelength 532 nm at a max power
of 250 mW. The collimated monochromatic and coherent beam of green light is
characterized in the TEMoo spatial mode, meaning a continuous laser intensity distribution
without multiple amplitude maxima. It is possible to control the laser power by a software
specially provided by Laser Quantum. For that the laser source needs to be connected
through its COM (RS-232) connector. The linearly polarized laser beam will next pass
through an acousto-optic modulator (AOM), which is needed for pulsing the laser beam.
This feature is needed for advanced measurements, such as the ODMR. Through the AOM
it is possible to realized nano-pulsed laser sequences. However, the downside of using the
AOM is that the laser beam will not be in the TEMoo spatial mode anymore after leaving
the AOM. The two-mirror arrangement after the AOM ensures that the laser beam has a
sufficient degree of freedom when trying to reach the objective lens of an optical fiber. It
is also important that the light incidents into the objective lens of the optical fiber as
perpendicular as possible. This will reduce scattering losses. Optical fibers normally
consist of two objective lenses and the fiber itself. The first objective lens will focus the
relatively speaking broad laser beam into the small fiber. Our fiber is specialized for
wavelengths between 460 — 700 nm (product number is missing). The second objective
lens ensures that the laser beam will be transformed into a parallel beam again. The optical
fiber is useful because it allows an easy re-arrangement of the laser beam path, while at the

same time ensuring that the laser light will be close to the TEMoo spatial mode again after
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leaving the optical fiber. Next the laser beam will enter a beam expander in order to ensure
a laser beam width that is high enough to fill the whole entrance of the final objective lens.
The beam expander has been provided by Thorlabs and consists of UV Fused Silica.
Furthermore the beam expander has an anti-reflection coating, which ensures that less light
is lost at the glass-air interfaces. The beam expander will double the laser beam width to a
diameter of around 2 cm. The laser beam path will now be reflected by a beam sampler,
which reflects considerable amounts of the green light, while transmitting nearly all
wavelengths above that. This means that the fluorescence of the NV center can easily pass
through the beam sampler, while the returning green laser light will be reflected. From the
beam sampler the laser beam will now be reflected by a mirror into the sensing system.
The sensing system consists of a piezo stage, P-517.3CL, which has been manufactured by
Physik Instrumente. The P-517.3CL is a nanoscale sensing system, which is made out of
piezo material. This allows a step resolution of up to 0.3 nm over a range of 125 um and
25 um in X/Y and Z directions respectively. The piezo stage is connected over three
channels to a signal amplifier as well as a voltage controller (more details about the
controlling will follow in the next section). An objective lens is mounted on top of the
Piezo Stage, through a specially designed adapter, whose details will be described in the
following sections. The objective lens UPLSAPO60XO has been manufactured by
Olympus and is oil-immersion based lens with a high numerical aperture (1.4 NA). The
working distance is around 0.15 mm and the magnification factor is around 60. Those
special features of the objective lens make it exceptionally good at detecting weak
fluorescence emissions, and enables a sharp, clear image acquisition without any color

shifts. Also the transmittance band of the objective lens make it well suited for laser light
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of the wavelength 532 nm. In general, the objective lens will be concentrating the laser
beam onto a small spot inside our diamond sample. The spot size is ideally equal to the
wavelength of the corresponding light wavelength, in our case 532 nm. After the NV center
has been excited by the green laser, it will emit its fluorescence (673 nm, but reaching into
the infra-red spectrum) signal, which will return through the exact same laser path. First of
all the fluorescence signal will be gathered by the objective lens and from there
automatically introduced back into the same laser beam path of the green light. However,
as mentioned earlier, the beam sampler prefers to transmit light wavelengths of over 532
nm, meaning that while considerable amounts of the returning green laser light will be
reflected, most of the reddish fluorescence light will pass through the beam sampler. Next
the fluorescence light will be reflected into a lens with a focal length of 100 mm. The lens
is specially coated for wavelengths between 650 to 1050 nm. 100 mm behind the lens |
installed a pinhole of diameter 50 um. The pinhole will ensure that only the fluorescence
signal from the focal plane will be transmitted further. After the pinhole the diverging light
beam will pass through a second lens, which ensures that the light beam will become
parallel again. Lastly, the fluorescence light will move into an APD. The APD has been
manufactured by Micro Photon Devices and belongs to the PDM series with a free space
entrance (no fiber entrance). Photodiodes take advantage of the photoelectric effect and
thus convert light into electricity. The APD are hereby especially sensitive in their light
detection. Through the avalanche multiplication technique, the APDs are able to even
detect single photons. The average photon detection efficiency is around 50%, and the
detected photons will generate a TTL signal. Note that there is also a Spectrometer, next to

the APD, connected to the laser beam path. However, except when trying to confirm that
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the fluorescence signal is indeed originated from the NV centers, the Spectrometer is
excluded from the standard setup configuration. The TTL signal will be detected by the NI
Data Acquisition Board (NIDAQ), manufactured by National Instruments, and the specific
modules attached to it. The NIDAQ is connected to a computer through a USB connector,

and it is programmed with python.

B.6 Nanodiamond sample preparation

The nanodiamond solution was purchased from Academia Sinica (rFND-OH, 0.1%
w/v) and FND Biotech, Inc. (cFND, 1 mg/mL, -COOH). The rEND (typically 50 nm,
containing single NV) were used for the AFM and T, measurements, while the cFND
(typically 200 nm, containing approximately 500 NV, obtained through milling (8000 M,
SPEX) of microdiamond powder [92] were used for the FWHM measurements. Both
nanodiamond types were initially covered by hydroxyl groups. The nanodiamond solutions
were dropped on a 2 x 2 cm silicon substrate, which was previously cleaned using a 1:1
mixture of sulphuric acid and hydrogen peroxide at 190 °C for approximately 15 min. After
dropping the nanodiamond solution onto the Si substrate, we placed the sample on a hot

plate at 160 °C causing the water to evaporate.

B.7 NF etching laser parameters

The nanodiamonds were etched by the NF etching method, where induced ONFs
at sub-wavelength protrusions are assumed to dissociate O2 molecules, resulting in oxygen
radicals (Fig. 5.4). For this purpose, they were vacuum-fixed onto the AFM stage, to ensure
minimal misalignment of the nanodiamonds within the AFM measurement windows

between each etching interval. In case of misalignments, an inbuilt function allows the
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AFM stage control to refocus on the specific nanodiamonds. For the NF etching, a
continuous-wave (CW) He-Cd laser (325nm; 3.81¢V; excitation power density:
0.8 W/cm2) was chosen because its energy was below the bonding energy of O2 (5.12 eV),
thus avoiding conventional adiabatic etching. The emission line of the He-Cd laser for
other wavelengths (outside 325 nm) is with a factor of around 10, which is negligibly low
and can therefore be ignored. The nanodiamond-hosting silicon plane was perpendicularly
illuminated by the He-Cd laser for 30-min intervals between each measurement (structural

change, T», and ODMR measurements).
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Appendix C.

Methods and analysis for the experiments presented in Chapter 6

C.1 Photosensitive silver-ion solution

The reason for the photosensitivity of the silver-ion solution is due to one of its
components, Irgacure 819 (Fig. C.1). When the Irgacure 819 moleculee is being hit by the
right photon, it will split up into two charged ions. These then will act as an electron donor
for the silver-ions in the solution, causing them to reduce to solid Ago, which agglomerates

and is measurable with microscopy

Ag° + Photoproducts

Figure C.1. Molecular structure of Irgacure 819 [110].

Chemical structure of the Irgacure 819 molecules, which acts as an electron donor for the
silver-ions in the solution
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More specifically, Fig. C.2 shows the spectrum for within which the photo-

dissociation of the Irgacure 819 molecule can be triggered
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Figure C.2. Molecular structure of Irgacure 819 [110].

(a) Absorption spectrum of the Irgacure 819 molecule, changing over illumination time.
(b) Optical spectrum of silver nanoparticles. Purple line depicts an ideal excitation laser
wavelength, since far-field photons from that wavelength are not able to directly cause the

photo-reduction (Reprinted with permission from [110]. Copyright 2010 IOP Publishing
Ltd)

We note that in Fig. C.2 the spectrum changes over illumination time (405 nm light
source). This is due to the fact that under 405 nm illumination solid silver is being
synthesized and agglomerates into nanoparticles, which have their own optical spectrum
(seen in Fig. C.2b). The result is that the newly synthesized silver nanoparticles inside the
solution will shift the overall spectrum (hence a red-shift of the absorption spectrum over

illumination time).
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We have to note that for our experiment we will have to avoid common
wavelengths which are within the typical absorption spectrum of Irgacure 819, in order to

be able to conclude that the photo-dissociation has been caused by ONFs.

C.2 Machine vision software for evaluating TEM images for particle sizes

As the machine vision software we used the National Instruments Vision Assistant.
This allowed us to create a binary map (threshold chosen manually) which in return
allowed us to evaluate the nanoparticles. The software also offers particle analysis tools,
with which various particle parameters (such as max ferret diameter or total area) can be
obtained. It was also important to apply various filtering techniques for before the final
binary mapping, in order to reduce the impact of noises. These filtering techniques included
masking, smoothening, edge sharpening, increasing contrast and ignoring small particles
(below a set threshold) functions. In Fig. C.3 we can see a typical binary image obtained
be the NI software. Since the original TEM image (Fig. C.3 (left)) is not perfectly
homogenous (shades, low resolution, etc.) it may be tricky to create a precise binary image.
The parts which were successfully binary imaged have been described as “good” and the
parts which were not able to be successfully binary imaged have been described as “bad”.
Of course, for the final statistical analysis only particles which were precisely binary

imaged to a high degree were used.
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bad good

Figure C.3. National Instruments Computer Vision software

Binary imaging (right) of the original TEM image (left), setting the stage for further
particle analysis tools.

C.3 Energy-dispersive X-ray spectroscopy (EDS) analysis of gold nanoparticles after
experiment

A fundamentally important part in our experiment is to ensure that the size increase
of the gold nanoparticles is indeed due to the reduction of silver ions along the gold
nanoparticles surface. In order to verify this, we obtained the EDS images for typical gold
nanoparticles after the experiment has been performed. What we can see in Fig. C.4 is that
the X-ray spectroscopy clearly shows the presence of Au (initially present) and Ag

(induced during the experiment).
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Figure C.4. EDS proof of Gold and Silver traces

EDS evaluation of a typical gold nanoparticle (seen on the right side) as seen in the TEM

images. The X-ray spectrum shows clear traces of silver among the observed gold
nanoparticle.
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