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Abstract

This thesis reports on the development and stabilization of the fabrication process of NMR
micro-detectors as a part of the effort to address the gap in accessibility to miniaturized
detectors for the NMR community.

The magic angle coil spinning (MACS) approach in NMR has combined the advantages
offered by a micro-coil detector and magic angle spinning (MAS) to bring about considerable
improvements in sensitivity and resolution in solid-state NMR experiments. The MACS strat-
egy features co-rotation of the sample and the micro-detector while the latter is inductively
coupled to the pick-up coil in the MAS probehead. The micro-detector used for this technique
was conceived as handwound micro-solenoid with its ends soldered to an off the shelf capaci-
tors to form a micro-resonator circuit tuned to the Larmor frequency of interest. This manual
fabrication of the MACS detectors is not only cumbersome but also makes these devices
imprecise and prone to imbalance. Moreover, the wireless inductive coupling arrangement
mandates adequate electrical performance from these devices to avoid signal losses. Another
drawback of the MACS technique is the sample heating due to induced eddy currents in the
spinning micro-detector.

On the other hand, utilization of MEMS fabrication techniques delivers photolithographic
accuracies as well as scalability and reproducibility for these devices. Implementing the
capacitor on-chip to go with the automated wirebonding process for the micro-coil would
eliminate the issues associated with the manual hand fabrication method. Therefore, with
this backdrop, this thesis reports on the development of microfabricated MACS devices that
are fine tuned not only for their electrical performance but also provides excellent thermal
performance with reduced induced eddy currents. Furthermore, the goal was also to produce
devices that are reproducible, robust and easy to handle so as to seamlessly facilitate NMR
measurements. Therefore, this thesis tackles the challenges associated with having a suitable
design for the on-chip capacitor connected to the micro-coil as well as finer aspects of
microfabrication techniques employed to manufacture the MACS detectors. These devices
are also extensively characterized using standard benchmarking protocols and the feasibility
of adopting these devices for metabolomic studies is also investigated.

Another major focus of this thesis is to explore the concept for the non-resonant variant
of MACS detector with broadband performance across the frequency spectrum. This would
overcome the limitations associated with tuned MACS devices which originate from the
requirement to tune them to the target Larmor frequency to have the best NMR sensitivity.
Wideband characteristics render the devices flexible with respect to either magnetic field
strength and/or nuclei of interest and would also bring in added benefits for cross-polarization
(CP) and heteronuclear experiments.



The broadband functionality is conceptualized by integrating the micro-coil as a part of
Lenz lens arrangement instead of an on-chip capacitor. Three different designs are introduced
and analyzed analytically as well as using FEM simulations. In order to implement these
geometries, innovative micro-manufacturing approaches have been established keeping in
focus the objective of high volume fabrication.

Thus, the major outcome of this work is an established wafer scale fabrication process to
deliver micro-detectors that are cost effective and at the same time that drastically boost NMR
sensitivity for mass- and volume-limited samples and offer part per billion spectral resolution
for NMR metabolomics.
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Zusammenfassung

Das Ziel dieser Arbeit ist die Entwicklung und Stabilisierung des Herstellungsprozesses
von NMR Mikro-detektoren als Teil der Bemithungen, die Liicke in der Zuganglichkeit von
miniaturisierten Detektoren fiir die NMR-Gemeinschaft zu schliefSen.

Der Ansatz des Magic Angle Coil Spinning (MACS) in der NMR hat die Vorteile eines
Mikrospulendetektors und des Magic Angle Spinning (MAS) kombiniert, um die Empfind-
lichkeit und Auflésung bei Festkorper-NMR-Experimenten erheblich zu verbessern. Bei der
MACS-Strategie werden die Probe und der Mikrodetektor gemeinsam rotiert, wahrend der Mi-
krodetektor mit der Aufnahmespule im MAS-Probenkopf induktiv gekoppelt ist. Der fiir diese
Technik verwendete Mikrodetektor wurde als handgewickeltes Mikro-Solenoid konzipiert,
dessen Enden an einen handelsiiblichen Kondensator geldtet wurden, um einen Mikroreso-
nator zu bilden, der auf die gewiinschte Larmor-Frequenz abgestimmt ist. Diese manuelle
Herstellung der MACS-Detektoren ist nicht nur mithsam, sondern macht diese Bauteile auch
ungenau und anféllig fiir Unwucht. Auflerdem erfordert die drahtlose induktive Kopplung
eine angemessene elektrische Leistung dieser Sensoren, um Signalverluste zu vermeiden. Ein
weiterer Nachteil der MACS-Technik ist die Erwadrmung der Probe aufgrund der induzierten
Wirbelstrome in dem sich drehenden Mikrodetektor.

Andererseits bietet die Verwendung von MEMS-Fertigungstechniken photolithographi-
sche Genauigkeit sowie Skalierbarkeit und Reproduzierbarkeit fiir diese Detektoren. Die
Implementierung des Kondensators auf dem Chip zusammen mit dem automatisierten Draht-
bondverfahren fiir die Mikrospule wiirde die Probleme beseitigen, die mit der manuellen
Herstellung von Hand verbunden sind. Vor diesem Hintergrund berichtet diese Arbeit iiber
die Entwicklung von mikrogefertigten MACS-Bauelementen, die nicht nur hinsichtlich ih-
rer elektrischen Leistung abgestimmt sind, sondern auch eine hervorragende thermische
Leistung mit reduzierten induzierten Wirbelstromen aufweisen. Dariiber hinaus war es das
Ziel, MACS-Sensoren herzustellen, die reproduzierbar, robust und einfach zu handhaben
sind, um NMR-Messungen nahtlos zu ermoglichen. Daher befasst sich diese Arbeit mit den
Herausforderungen, die mit einem geeigneten Design fiir den mit der Mikrospule verbunde-
nen On-Chip-Kondensator, sowie mit feineren Aspekten der Mikrofabrikationstechniken, die
zur Herstellung der MACS-Detektoren eingesetzt werden. Diese mikro-Detektoren werden
auch von Standard-Benchmarking-Protokollen umfassend charakterisiert, und es wird auch
untersucht, ob diese Bauteile fiir metabolomische Studien eingesetzt werden konnen.

Ein weiterer Schwerpunkt dieser Arbeit ist die Erforschung des Konzepts einer nicht-
resonanten Variante des MACS-Detektors mit breitbandiger Leistung tiber das Frequenzspek-
trum. Dies wiirde die Einschrankungen iiberwinden, die mit abgestimmten MACS-Detektoren
verbunden sind, die aus der Anforderung resultieren, sie auf die Ziel-Larmor-Frequenz abzu-
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stimmen, um die beste NMR-Empfindlichkeit zu erreichen. Die breitbandigen Eigenschaften
machen die Bauteile flexibel in Bezug auf die Magnetfeldstirke und/oder die interessierenden
Kerne und wiirden auch zuséatzliche Vorteile fiir Kreuzpolarisation (CP) und heteronukleare
Experimente bringen.

Die breitbandige Funktionalitdat wird durch die Integration der Mikrospule als Teil der
Lenz-Linsenanordnung anstelle eines On-Chip-Kondensators konzipiert. Drei verschiedene
Designs werden vorgestellt und sowohl analytisch als auch mit FEM-Simulationen analysiert.
Um diese Geometrien zu implementieren, wurden innovative Ansatze fiir die Mikrofertigung
entwickelt, wobei das Ziel der Herstellung in hohen Stiickzahlen im Vordergrund steht.

Somit ist das bedeutendste Ergebnis dieser Arbeit ein etablierter Herstellungsprozess auf
Wafer-Ebene zur Erzeugung giinstiger Mikrodetektoren, die NMR-Empfindlichkeit fiir massen-
und volumenbegrenzte Proben drastisch erhéhen und pro Milliarde (ppb) Auflésung fiir NMR
Experimente liefern.
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Nomenclature

Abbreviations

2D Two Dimensional

3D Three Dimensional

LC An electric circuit consisting of an inductor and a capacitor
ppb Part per billion

ppm Part per million

COSY Correlation Spectroscopy

CP Cross Polarization

DNP Dynamic nuclear polarisation
DSLL Double solenoid Lenz lens
emf Electromotive force

FEM Finite element method

FID Free induction decay

FOM Figure of merit

FWHM Peak width at its half-height
HF High frequency

HH Helmbholtz

HMQC Heteronuclear multiple-quantum correlation spectroscopy
LF Low frequency

LL Lenz lens

LOD Limit of detection

MACS Magic angle coil spinning
MAS Magic angle spinning

MEMS Micro electro-mechanical system
MRI Magnetic resonance imaging
nLOD normalised limit of detection
NMR Nuclear magnetic resonance
PVD Physical vapour deposition
RF Radio frequency

SNR Signal to noise ratio

SSLL Single solenoid Lenz lens

TR

Relaxation time
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Vacuum permittivity
Vacuum permeability
Planck constant
Boltzmann constant

Skin depth

Relative permittivity
Gyromagnetic ratio
Wavelength

Relative magnetic permeability
Specific electrical resistance
Standard deviation

90° pulse duration

Magnetic moment

Larmor frequency

Magnetic susceptibility

Static magnetic field

RF magnetic field

Nuclear spin

Net magnetisation

Spin angular momentum
Magnetic quantum number
Quality factor

S-parameter

Temperature

Longitudinal (spin-lattice) relaxation time constant
Spin-spin relaxation time constant
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1 Introduction

Amongst the standard set of analytical instruments available, a non-destructive method that
would furnish in-depth information from a bare minimum quantity of sample would be the
ultimate goal. Alas, such a scenario still remains a distant Utopia. The consequences of not
having a universal analytical method allude to the stark reality that the investigators must
often rely on their expertise to select the right analytical techniques for their applications
and be prepared to work under the constraints of these respective methods.

One of the common methods among these battery of analytical tools is Nuclear magnetic
resonance (NMR). It has evolved into a mainstream choice among analytical chemists, struc-
tural biologists, medical professionals, quality engineers, material scientists, ever since first
successful experiments were conducted by Felix Bloch and colleagues on water at Stanford [1]
and independently by Edward Purcell and colleagues on paraffin wax at Harvard [2]. The
underlying principle of NMR is based on the perturbation of nuclear spins of active isotopes
in a strong constant magnetic field by a weak alternating magnetic field and observing the
electromagnetic response of these spins. The frequency response of these nuclear spins are
unique and thus serve as fingerprints to reveal the structure of the molecules containing those
nuclei.

The underlying reason for widespread adoption of the NMR technique is because of the
capability to generate information on structure of the molecules as well as on intermolecular
and intramolecular dynamics in a non-destructive manner, since the sample irradiation is done
with non-ionizing beams. Moreover, the experimental versatility offered by this technique, in
that analysis of broad range of measures such as temperature, flow etc. can be done on solid-,
liquid- and gaseous-state specimens under various physical conditions (pressure, temperature,
concentration), has made it an invaluable tool.

However, when it comes to minimum required sample for an analysis, NMR is at a sig-
nificant disadvantage as compared to other common techniques such as mass spectroscopy
(MS), X-ray computed tomography (X-ray CT), and infrared spectroscopy (IS) [3]. The low
intrinsic sensitivity of NMR technique is due to the low population difference between the
two transitional energy states at room temperature. In particular, the low intrinsic sensitivity
of the NMR approach is palpable when access to the amount of sample available is restricted.
Reduction in sample amount leads to further decrease in the discernible signal from the NMR
experiment and this has resulted in the demand for highly sensitive NMR detection methods.
This has lead to extensive exploration into NMR methodologies and has been diversified to
touch every aspect surrounding NMR whether in direction of instrumentation or acquisition
techniques or sample manipulation.



1 Introduction

1.1 Motivation

The low intrinsic sensitivity of NMR is a major drawback when studying mass- and volume-
limited samples. Furthermore, in the case of solid-state NMR, the demand for sample rotation
during magic angle spinning (MAS) further deteriorates the signal-to noise ratio (SNR) due the
reduced fraction of volume occupied by the sample inside the detector. The SNR of an NMR
experiment [4] for microscopic samples significantly depends on the geometry of the receiver
coil, as well on the excitation efficiency (B;/i). Hence, the application of micro-coils [5-8]
has become widespread among NMR practitioners when there is a need to access the reduced
number of spins on offer as the sample volume decreases. Consequently, the micro-coil has
also made waves in solid-state NMR with the advent of the "piggyback" micro-MAS [9] and
magic angle coil spinning technique (MACS) [10], which offers improved SNR as a result of
the increase in the fraction of sample volume in the detector.

However, one negative aspect concerned with these techniques is their penetration in the
NMR community. Apart from a select few research groups and laboratories, these techniques,
although quite promising, have not been adopted across the board. A straightforward yet
significant reason which is hindering the progress is due to the cumbersome and tedious
nature of constructing these micro-resonators used in these techniques.

Therefore, the main contribution of this thesis is to build on the approach [11] to materialize
these miniaturized micro-resonators with the help of advanced micromanufacturing methods
and at the same time maintain the excellent NMR performance furnished by these handmade
detectors. The developments reported in this thesis aim to take the production of the micro-
resonators away from the "hands’ of the NMR spectroscopist, and thereby facilitate high-
throughput, high sensitive magic angle spinning NMR experiments.

1.2 Organisation

The thesis is organized into six chapters. The content of chapters are coordinated as follows:

The current chapter (Chapter 1) contains an introduction and the motivation of the topic
of the thesis, including a list of objectives.

Chapter 2 provides an introduction on the essentials of NMR and solid-state NMR. The
general introduction into NMR is condensed so as to focus more on the solid-state section.
Following the introduction into theory, the chapter evolves into an introduction on micro-coils
and the MACS technique.

Chapter 3 is dedicated to the various design requirements and fabrication of on-chip capac-
itors for microfabricated resonators. The chapter also delves into different characterization
methods to evaluate the suitability of the on-chip capacitors for the MACS approach.

In Chapter 4, fabrication process of the MACS micro-detector is presented. This is followed
by complete characterization of the aforementioned NMR detectors electrically. The NMR
performance of these detectors for various samples are also discussed. The devices are also
compared to other detectors reported in literature.
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In Chapter 5, a novel type of broadband micro-detector for the MACS approach is introduced.
The chapter mainly deals with the design and fabrication of these detectors as well as the
feasibility of integrating these broadband inserts with the MACS technique.

The results of this thesis are summarized in Chapter 6. A discussion on the the scope and
future advancements of the micro-resonators as well as the broadband micro-detectors is
initiated.

1.3 Publication

1.3.1 Inthe scope of this thesis

The results obtained during the course of this thesis are detailed in two publications:

Capacitor re-design overcomes the rotation rate limit of MACS resonators[SA1]:
Journal: Concepts in Magnetic Resonance Part B: Magnetic Resonance Engineering
2018-Wiley
Authorship: Lead author
Content: In this paper, limitations of the tuning capacitor as a part of the MACS detector
is explored. The performance of the on-chip capacitors are compared with that of the
commercial capacitors. A comprehensive analysis of the advantages and disadvantages
of having a capacitor on-chip is discussed.

Contributions: Conceptualization, Microfabrication, data collection, formal analysis,
investigation, validation, writing.

Inductively coupled magic angle spinning microresonators benchmarked for high-
resolution single embryo metabolomic profiling[SA2]:
Journal: Analyst 2019-RSC
Authorship: Lead author
Content: In this paper, an optimized microfabricated micro-detector for MACS technique
is reported. The NMR performance limits of the device are characterized by standard
NMR methods. A significant highlight of this article is the NMR spectroscopy of single
embryo Zebrafish samples.
Contributions: Conceptualization, Microfabrication, data collection, formal analysis,
investigation, validation, writing.

1.3.2 Side projects

Within the course of this thesis, multiple collaborations were established. These collaborations
led to two peer-reviewed publications.

A non-resonant kinetic energy harvester for bioimplantable applications[SA3]:
Journal: Micromachines 2018-MDPI



1 Introduction

Authorship: Fourth author

Content: In this paper, design and verification of a linear non-resonant kinetic energy
harvester for implantable devices are discussed. The energy harvester employs coils
and permanent magnets to convert motion to the electrical signal.

Contributions: Microfabrication, formal analysis, investigation, validation.

A sub-cm?® energy harvester for in-vivo biosensors [SA4]:
Journal: Microelectronic Engineering 2020-Elsevier
Authorship: Second author
Content: This article reports the characterisation of the kinetic energy harvester. The
performance of the device installed on a linear shaker was studied in the first step. In
the next step, the device was employed for an in vivo characterisation by embedding it
on a wrist band and for different activities.
Contributions: Microfabrication, formal analysis, investigation, validation.

1.3.3 Conference contributions

Intermediate results of this research were presented in conferences.

On-chip capacitors for MACS NMR detectors
Conference: Euromar 2017
Authorship: First and presenting author
Content: This poster discusses preliminary results on the optimization of the on-chip
capacitors for MACS micro-detectors. The poster presentation won the best poster
award at the EUROMAR 2017 conference held in Warsaw.

1.3.4 Book Chapter

Within the course of this thesis, there was a contribution to a book chapter on coil fabrication
techniques for miniaturized magnetic resonance with a focus on magic angle coil spinning.

Micro and Nano Scale NMR: Technologies and Systems: Innovative Coil Fabrica-
tion Techniques for Miniaturized Magnetic Resonance Detectors [SA5]
Book: Wiley-2018
Authorship: Contributing author
Content:The book chapter introduces the reader to miniaturization of NMR detectors and
the application of different kinds miniaturized detectors into various NMR techniques.
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The current chapter provides an introduction to the fundamental concepts required for this
thesis. Most of the information contained in this chapter were collected from four well known
textbooks [12-15]. Additional theoretical concepts and deductions from this chapter have
also been reported in a research article in Concepts in Magnetic Resonance, Part B (Wiley)
journal [SA1].

Atoms in the matter are made up of proton, electron and the neutron. The proton and
neutron together make up the nucleus of an atom. In addition to mass and electric charge,
the nucleus has two other important properties namely, magnetism and spin. Although, the
natural chemical and physical properties remain unaffected by nuclear magnetism and nuclear
spin, they do serve as an excellent non-invasive means to identify the internal structure of a
physical substance.

‘Spin is an intrinsic property of the particle and is a form of angular momentum’[13]. Even
at absolute zero temperature where all rotational angular momentum ceases to exist, an
elementary particle always has spin. As a result the majority of nuclei (consists of proton and
neutron) also possess spin and the nuclear spin quantum number is denoted by L. The overall
spin of a nuclei is derived from spins of protons and neutrons. For e.g., the 'H nucleus has a
single proton, hence has spin, I = 1/2, whereas its isotope deuterium (*H) nucleus, containing
one unpaired proton and one unpaired neutron, has ground state nuclear spin, I = 1. Nuclei
with a net nuclear spin, I = 1/2, are known as a spin-1/2 system whereas nuclei with net
nuclear spin, I > 1/2, are called quadrupolar nuclei. There are a few other isotopes in nature
such as He, 2C, %0 etc. which have zero unpaired protons and neutrons. As a result they
have a net nuclear spin, I = 0 and they are considered NMR inactive.

Therefore, an NMR active nuclei has atleast one unpaired proton or neutron and conse-
quently different isotopes display unique behaviour from an NMR perspective. Similarly, the
nuclear spin also possesses a ‘magnetic moment’. The ratio of the magnetic moment of a
nuclear spin to its angular momentum is called the gyromagnetic ratio and this ratio is unique
for an isotope. Table A.1 in Section A2 lists a selection of nuclear isotopes and their properties
such as spin quantum number, gyromagnetic ratio, and natural abundance. Equation 2.1'
describes the relationship between the magnetic moment of a nuclear spin with its angular
momentum.

pi=y-S (2.1)

'The wider hat symbol is a quantum mechanical operator
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The atomic nucleus and in turn the nuclear spin can interact with its environment because
it possesses an electric charge and might carry a magnetic moment, which interacts with
electric and magnetic fields respectively. The interaction with its surrounding maybe external
or may originate internally.

2.1 Nuclear spin interactions

One of the simplest, yet important internal interaction is the coupling between two neigh-
bouring nuclear spins due to their respective magnetic fields, also known as dipolar coupling.
The interaction can be either between two same isotopic spins (homonuclear) or two different
isotopic spins (heteronuclear). In most cases, for nuclei lying a few bonds apart in a molecule,
the coupling between the spins is also influenced by the bonding electrons. In such cases,
the interaction is known as indirect dipolar coupling or J-coupling. The strength of nuclear
spin coupling without the intervention of the electron clouds, also known as direct dipolar
coupling, is proportional to their internuclear distance as a function, r~3. Another mechanism
of internal spin interaction is how a nuclear spin experiences a slightly different magnetic
field due to the magnetic field generated by the induced currents in the electron clouds.
This is known chemical shift interaction or electron shielding. For a spin system, I > 1/2,
the electric quadrupole moment of the nucleus can couple strongly with the electric field
gradients generated by the surrounding electron clouds. This is known as electric quadrupolar
interaction.

External spin interaction arises in the presence of an applied magnetic field. This manipula-
tion of the nuclear spin by the application of various kinds of magnetic fields forms the basis
of NMR. The strong coupling of the nuclear spins to external magnetic fields is a remarkable
feature of NMR and leads to extraordinary possibilities.

In the absence of an external stimulus, the ensemble of nuclear spins are randomly oriented
with zero net magnetization and the energy levels are degenerate. The presence of a strong
static magnetic field (Eo) leads to splitting between the energy levels? resulting in a net
magnetization along the direction of the applied magnetic field. Upon the application of
a transverse magnetic field (By), interaction of the nuclear spin with this radio-frequency
(RF) field induces transitions between the split energy levels and consequently there is a
net magnetization perpendicular to the static magnetic field. This transverse magnetization
starts to rotate in a plane perpendicular to By until it reaches equilibrium. The rotation of the
transverse magnetization is called precession and the frequency of precession is equal to the
precession frequency of the nuclear spin, also known as ‘Larmor frequency’.

The precession of transverse magnetization leads to an oscillating magnetic field which
induces an electrical current in a nearby conductor. The oscillating induced current is known as
Free induction decay (FID) or the NMR signal. A relationship between the Larmor frequency,
gyromagnetic ratio of the nucleus and the static magnetic field is given in Equation 2.2.

2A nuclear spin with spin quantum number I has (2I+1) energy levels. Splitting occurs when the degeneracy of
the energy levels is broken and this phenomenon is known as Zeeman splitting.
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Another form of coupling in which the nuclear spin interacts with an external stimuli is
through weak gradient fields which, as they are called, provide a magnetic field gradient
along different coordinate positions.

0L = _}’BO (2.2)

The Zeeman splitting of the nuclear spin energy levels, say for a 'H nucleus (I= 1/2), leads
to two energy states with the lower energy state («) is populated slightly higher than the
higher energy state, . The relative population difference between the two energy states can
be written as shown in Equation 2.3.

AN Ny —Ng e EalksT _ g=Ep/ksT yhBy
SN Ng+Nj e FEalksT 1 ¢ Ep/ksT ~ amkyT

(2.3)

where,
E = hv = hw/27 = hyB/2n,
By = static magnetic field (T),
h = Planck’s constant (6.63x 1073* Js),
y = Gyromagnetic ratio (rad/sT),
T = Temperature (K),
k= Boltzmann’s constant (1.38x10~23 J/K).
Expanding the exponential as a power series and approximating it to the first two terms (e*
~ 1 + x) yields a population difference of 40 ppm for a magnetic field strength, By, of 11.74 T
at 298 K. Therefore, the inherent insensitivity of NMR experiment stems from the minute
population difference between the states.

2.2 Solid state NMR

Although, the pioneering NMR experiments were carried out both on liquid as well as solid
state samples, liquid state NMR had briskly evolved into a powerful spectroscopic technique
as compared to NMR of solids. Historical progression in the field such as Fourier Transform
(FT)-NMR spectroscopy, pulse sequence techniques, technical advancements in cryogenics
and superconducting magnets, and NMR instrumentation had been hugely responsible for
liquid state NMR to be widely adopted as a standard analytic tool.

The prime impediment to the development of NMR in the solid state was the natural
linewidths of the resonance lines on offer. Spectral resolution in the case of NMR spectroscopy
of solutions is typically in the range of 0.1 to 1 Hz whereas those in cases of solid state
samples, can be as large as 180 kHz. A popular example that is often stated is the comparison
of linewidths between !H NMR spectra of water and ice.

The difference in spectral linewidths arises from the rapid molecular tumbling (Brownian
motion) or motional averaging, occurring in liquids but mostly being absent in the case of
solids. The broadening of the resonance lines is due to fact that the various internal nuclear
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spin interactions in solids are anisotropic. The magnetic dipolar interactions between nuclei
is the primary source of line broadening. The other secondary sources include the rest of
the internal nuclear spin interactions such as electron shielding (chemical shift), electron
spin-nuclear spin interactions, indirect electron coupled nuclear spin-spin interactions, and
quadrupolar interactions. In principle, information from solid state NMR spectra is far
more richer than its liquid state counterpart since the latter is described by a motionally
averaged isotropic Hamiltonian and the former by the full anisotropic Hamiltonian. In fact, a
wealth of data can be obtained by suppressing one kind of interactions and ‘liberating’ the
others. However, it is often the case that small interactions are overshadowed by the more
prominent ones and the measurement is hampered by these large sources of broadening.
Hence, significant efforts were undertaken to establish techniques to move towards ‘high
resolution’ solid state NMR by manipulating these anisotropic effects.

The successful pioneering attempts towards obtaining ‘liquid like’ NMR spectra from solids
were reported by Andrew and colleagues [16, 17] and then independently by Lowe [17] with
their introduction of the technique called ‘Magic Angle Spinning’ (MAS). In their experiments,
they introduced motional averaging into the sample by rotating it about an axis that is at
an (magic) angle of 54.74° to the magnetic field. Rapid specimen rotation at the magic angle
leads to an equivalent effect on the anisotropic interactions as the rapid molecular tumbling
in liquids, resulting in narrow spectral linewidths.

A few years down the line Ostroff and Waugh [18] and Mansfield and Ware [19] developed
an alternative approach to line narrowing in solids by imposing motional averaging in the
spin space as opposed to in coordinate space. In their set of experiments, they applied a
sequence of RF pulses which imposed time dependence (similar to molecular tumbling) on the
spin terms and pulse sequences were devised to average the time-dependent interactions to
zero. This method is now popular as multiple pulse NMR. Unlike MAS where almost all of the
anisotropic interactions are averaged out, multiple pulse technique can be used to suppress
one interaction while retaining the information from others. Although these two techniques
were perceived to be competitive approaches in the beginning, at present they are considered
complementary techniques [20] in solid state NMR.

After a while, Pines, Gibby and Waugh [21, 22] introduced a method to perform high-
resolution NMR of low y nuclei or ‘chemically dilute spins’ in solids by repeated transfer
of polarization from high y nuclei or abundant spins (typically protons). The irradiation
of the protons by a high power resonant RF pulse during the observation of the rare spin
(13C, P°N) eliminated the line broadening in the NMR spectrum of rare spins due to their
dipolar coupling with the protons. Additionally, the proton polarization transfer by using
Hartmann-Hahn condition [23] enhanced the weak NMR signals from the low y nuclei. Cross-
polarization magic angle spinning experiments (CP-MAS) by Schaefer and Stejskal [24], where
3C NMR spectra was observed from solid state specimens by removing the J-couplings and
heteronuclear dipolar interactions using CP along with anisotropic chemical shift and weak
homonuclear interactions using MAS, truly opened the door for high-resolution solid state
NMR. Additionally, isotopic dilution with deuterium [25] has been described as an another
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approach where 'H spectral resolution of the order of 100 Hz was reported for per-deuterated
microcrystalline proteins.
In the following sections, the focus will be exclusively on MAS NMR and its development.

2.3 MAS NMR

MAS technique [16, 17], today is considered to be the most effective method to overcome the
spectral broadening due to anisotropic interactions in solid state NMR spectroscopy. Spinning
the sample at the magic angle, i.e. at 54.7° with respect to the static magnetic field axis, By, at
speeds exceeding the magnitude of anisotropic interactions, averages them either to zero or
non-zero isotropic values. Multiple pulse irradiation technique is limited by its inability to
remove anisotropic chemical shift interactions and prevent line broadening due to residual
heteronuclear dipolar interactions. Hence, a combination of multiple pulse NMR along with
MAS, known as combined rotation and multiple pulse spectroscopy (CRAMPS) technique [20]
was developed. Along with CRAMPS, CP-MAS method [24] for low abundant nuclei has
made MAS an important tool to study polycrystalline, amorphous and biomolecular solids.

The Hamiltonian, 7, of a nuclear system described in Equation 2.4, includes all the
interactions such as the Zeeman splitting, dipolar broadening, chemical shift anisotropy and
quadrupolar interactions. This Hamiltonian can then be manipulated by the introduction of
an external stimulus or perturbation such as RF fields, sample spinning etc., which render the
system Hamiltonian time dependent.

I = I+ Hy + s + Hp + Ho + Hgp(t) (2.4)

The Hamiltonian, .77 describing the magnetic dipolar interaction, i.e., the direct interaction
between two magnetic dipoles, say 7 and fi> separated by a distance, 7, can be derived from
the energy of their interactions as follows in Equation 2.5:

Egj =i 'B_;:2 (2.5)

=g - IJ - AN A -

Eq =~ - (75 (3(fh - P)F = fi2)) (2.6)
4r|r|

= — l’l N A — -

Eg=—j - (=53 P — 1)) (2.7)
4r|r|

=g ﬂ - A A - - -

Eg= ——=Gn (- )i — i - i) (2.8)

47|r|

where 7 is a unit vector in the direction of the line joining the two spins® and y, is the
permeability constant.

Substituting the terms into quantum mechanical operators, i.e., Eg into .}, [I; into yhl,
and f5, into yzhj;, where 7 is the reduced Planck’s constant, we obtain:

3The hat symbol denotes a unit vector
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N
Ay =-L 265 L -1 ) (2.9
4ar |r|

Converting the unit vector, 7, into spherical coordinates as shown in Equation 2.10 where,

0 is angle between the magnetic field, By and the vector connecting the two spins.

sin 0 cos ¢
7 =|sinfsin¢ (2.10)
cos 6

In the presence of an external high magnetic field, the Hamiltonian described in Equation 2.9,
truncates into Equation 2.11

_ Hoy1y2h® 3 cos® 0 — 1

A = 31,0y, — 1, - I 2.11
1 2
F(On) = R (3-cos“Op — 1) (2.12)

The Hamiltonian, .77, contains the spatial factor, F(6,,), shown in the Equation 2.12. When
the sample is spun at the magic angle, the spatial factor goes to zero, hence the magnetic
dipolar interaction is averaged to zero [17]. Optimum lineshape is observed when the spinning
frequency (w) is high enough to suppress the magnitude of all the anisotropic interactions.
Spinning sidebands in MAS appear as an integer multiple of the rotation speed [26, 27]. The
presence of additional spinning sidebands in the NMR spectrum may hinder the interpretation
of the spectrum.

Average-Hamiltonian theory [29] makes it possible to write the time-dependent Hamilto-
nian as a series of time-independent Hamiltonians. This theory, although does not describe
spinning sidebands, was used to characterize the Hamiltonians when the spinning frequency
exceeds the anisotropy of the interactions, i.e. faster spinning [30]. For inhomogeneous inter-
actions, such as from a two-spin system chemical shift anisotropy, the resonance linewidths
are largely frequency independent. However, for homogeneous interactions, such as the
multiple homonuclear dipolar couplings, up to a factor of 10 higher spinning frequency is
necessary for narrow linewidths [30]. Sometimes, even a factor of 10 higher frequency is
not enough to average all interactions by MAS. As a result MAS hardware technology has
seen significant advances which has breached specimen rotation speeds beyond 100 kHz [31]
and steadily increasing to 110 kHz [32], 126 kHz, [33], 140 kHz [34] and 170 kHz [35] in ro-
tors of diameters down to 0.5 mm, which has enabled the study of samples containing spin
populations with anisotropic interactions up to 50 kHz [36].

Therefore, recent advances in MAS NMR technology have resulted in improved structural
investigation of ' H and other spin-1/2 systems [37]. However, for NMR spectroscopy of solids
with quadrupolar nuclei, MAS alone is not adequate to completely remove the anisotropic
broadening due to the interaction of the nuclear electric quadrupole moment with the electric
field gradient [38]. The inhomogeneous broadening on the order of MHz is much stronger
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Figure 2.1: Left: Schematic representation of the MAS arrangement along with various rotors
available at different diameters. Smaller the rotor faster the spinning speed. Mid-
dle: Mlustration of the improved spectral resolution for a spin-1/2 nucleus system
(13C). From a static sample, the spectrum is quite broad due to chemical shift
anisotropy (CSA) as shown in (a). Under the MAS condition of 10 kHz, the CSA
get averaged out into an isotropic peak and spinning sidebands which represent
the Fourier components of the MAS frequency as shown in (b). Under the MAS
condition of 60 kHz, the MAS frequency exceeds the magnitude of the CSA as
shown in (c). Right: Illustration of the effect of MAS on NMR lineshapes in a
spin-7/2 nucleus (quadrupolar) system (°1V). From a static sample, the broadening
of lineshapes is observed due to a combination of of quadrupolar and CSA as
shown in (d). Under the MAS condition of 10 kHz, the CSA get averaged out
into an isotropic peak and spinning sidebands as shown in (e). Under the MAS
condition of 60 kHz, spinning sidebands are still observed as shown in (f). This
shows that even 60 kHz rotation rates are not sufficient to completely average
either the CSA or the quadrupolar interactions. Therefore, to get improved spectral
information from quadrupolar nuclei higher rotation rates are necessary. Printed
with permission from Polenova et al. [28]. Copyright (2015) © ACS publications

than the broadening due to dipolar and chemical shift interactions. MAS NMR was used for
the suppression of first-order quadrupolar interactions in > Na nucleus through extremely
precise setting of the magic angle [39]. The initial approaches for the removal of the second-
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order quadrupolar interaction involved sample spinning around two angles. Double rotation
experiments (DOR) [40, 41] were conducted by spinning the sample around two angles
simultaneously whereas dynamic angle spinning (DAS) approach was achieved by rotation
around two angles sequentially [42]. However, these two techniques did not catch on because
of the requirement of complex probeheads to achieve double rotation. However, an alternative
approach of MAS based correlation experiments, multiple-quantum MAS (MQMAS) [43] and
satellite-transition (STMAS) [44], achieved with conventional MAS probeheads using two
dimensional experiments have made acquiring high-resolution spectra of quadrupolar nuclei
more convenient.

Figure 2.1 [28] shows a typical MAS setup and describes the effect MAS spinning has on
solid state samples. NMR spectrum was obtained from a spin-1/2 system (}3C) and spin-7/2, i.e.,
a quadrupolar (°1V) system at various spinning speeds. The line shape from the static sample
is significantly broad due to anisotropic and quadrupolar interactions respectively. However,
spinning the sample under low speed MAS conditions (10 kHz), leads to the averaging of the
chemical shift interactions in the nuclei which results in narrow lineshapes and spinning
sidebands. Under high speed MAS conditions (60 kHz), the sidebands disappear from the
spin-1/2 spectrum indicating that MAS frequency exceeds the magnitude of anisotropic
interactions. However, in the case of quadrupolar nuclei, MAS speeds of (60 kHz) are not
sufficient for complete averaging. Therefore, higher rotation rates are required.

Higher sample rotation rates can be achieved by reducing the diameter of the rotors.
Under reliable operation, specimen rotation of up to 170 kHz [35] using rotors of diameters
down to 0.5 mm has been demonstrated [45]. The relationship between rotor diameter and
maximum achievable rotation frequency can be expressed based on the material properties of
the rotor as shown in Equation 2.13 [45]. The stability of the rotor is mainly governed by its
tensile strength. Secondary factors to stable spinning include rotor alignment with respect to
its bearing, quality of sample filling inside the rotor and quality of pneumatic (compressed N,
or He gas) actuation of the rotor. As a rule of thumb for the current MAS technology, the
product of maximum stable spinning frequency and rotor diameter can be expressed approx.
as 90 kHz mm.

L= (2.13)

where,

v = spinning frequency (rad/s),

TS = Tensile strength of the material,

D = density of the material,

6,, = relative wall thickness of the material,
¢»= rotor diameter.

14



2.3 MAS NMR

2.3.1 Sensitivity issues with state of the art MAS technology

In addition to NMR being intrinsically a low sensitivity approach, the requirements of sample
rotation in solid state NMR introduced additional bottlenecks with respect to sensitivity. The
issues arise due to the drastic reduction in the filling factor of MAS experiments as the sample
which was filled into a rotor was far away from the detector. This was more severe in the
case of DOR. Filling factor is defined as fraction of volume occupied by the sample inside
the detector or the coil. The aforementioned problem was aggravated when the amount of
specimen available was limited. In Figure 2.2, the black dots represent the sample filling
fractions of different MAS technologies available until now. The signal-to-noise ratio (SNR)
of the experiment will be lower with the reduction in the filling factor because only noise is
picked by the NMR detector in the region without sample.
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Figure 2.2: Filling factors associated with MAS rotors of different sizes. The air gap be-
tween the MAS rotor and the probe coil has been conservatively estimated to
be around 0.5 mm by visual inspection. For the case of 3.2 mm and 2.5 mm MAS
systems, thin walled rotors have been considered. The MACS detector sizes cor-
respond to the inner diameter of the rotors they fit in. The MACS detector is
consists of a 500 pm diameter coil connected to an on-chip capacitor. Adapted
from Adhikari et al. [46] Copyright 2018 ©Wiley.

Therefore, MAS technique is in dire need of boosting its sensitivity. There have been
multiple approaches to enhance the sensitivity of an NMR experiment. Some of these methods
in combination with MAS provides the opportunity to alleviate the sensitivity issues associated
with MAS and this thesis reports on the hardware strategies that have been developed and is
in development over the years to overcome this problem.

2.3.2 Sensitivity enhancement techniques for solid state NMR

A self-evident approach to enhance the sensitivity of any NMR experiment is the brute force
approach of increasing the strength of the magnetic field, By. It has been established that
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the sensitivity scales to 7/4" power of the static magnetic field strength [4]. However, this
approach is incredibly expensive as well time consuming with the state-of-the-art 1.2 GHz
(28.2T) magnet costing over 12.5 million Euros [47] and taking over 5 years to go from 1 GHz
to 1.2 GHz NMR.

Another strategy is to tweak the critical element behind the low intrinsic sensitivity in NMR,
i.e. the Boltzmann distribution of the spins across energy levels. This has provoked the NMR
community to come up with techniques to boost the population difference between energy
levels and this method of achieving higher net magnetization by establishing non-Boltzmann
populations is known as hyperpolarization. Hyperpolarized nuclei display spin polarization
by a factor of 10*-10° above Boltzmann distribution numbers under thermal equilibrium
conditions.

One hyperpolarization approach to enhance the sensitivity of an NMR experiment is
by transferring polarization from electron spins to nuclear spins through dynamic nuclear
polarization (DNP) technique. The electron magnetic moment is approx. 660 times larger
than the nuclear magnetic moment of proton. Albert Overhauser [48] proposed the idea
of enhancing the signal intensities (ideally by 660) associated with NMR by transferring
polarization of unpaired electrons to the nearby nuclei. This was done by saturating the
electron spin resonance (ESR) of the conduction electrons using microwave irradiation which
is popularly known as the Overhauser effect. The experimental verification by Carver and
Slichter [49] further strengthened this idea of increasing the polarization of one species by
saturating the transition in another. There have been other DNP polarization mechanism
proposed based on microwave irradiation such as the solid-effect, the cross-effect, and thermal-
mixing [50].

DNP in combination with MAS soon followed [51-53] with experiments done at 1.4 T on a
sample of coal (contains many free electrons) and mixtures of polymers. However, extending
the method to higher static magnetic fields (By) was restricted by lack of strong microwave
sources needed to saturate the electron transition at higher frequencies. The breakthrough
arrived in the form of a microwave source known as the gyrotron oscillator which could
supply 100 W of 140 GHz irradiation for performing DNP experiments at 5 T [54]. Subsequent
work has seen an improvement in these millimetre wave regime microwave sources with the
development of a 250 GHz [55] gyrotron which in combination with a low temperature (100 K)
MAS probe offered proton signal enhancements of around 170. This success has motivated
the development of subsequent high-frequency gyrotrons at 330 GHz [56] and 460 GHz [57].
The high field DNP MAS [58-60] activity has been further stimulated by the introduction of
chemically synthesized biradicals as a substitute for the monomeric polarizing agents yielding
a factor of 4 larger signal intensities [61]. Further improvements in sensitivity, suitability
and polarization transfer efficiency at high fields has been observed with biradicals such as
TOTAPOL [62], PyPol, AMuPol [63] and TEMTriPols [64].

Another exciting hardware development has been in the field of MAS rotors. Recently,
Chen et al. have demonstrated that moving from traditional cylindrical rotors into spherical
rotor domain [65] would be beneficial to couple microwaves for DNP [66]. Moreover, the
improved mechanical stability offered by the spherical geometry enables faster rotation speed
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than achievable with cylindrical rotors. They have also been reported to facilitate easier sample
exchange as well as optimizing real estate inside narrow bore of probeheads with improved
stator design. Sample rotation speeds of 4.6 kHz and 28 kHz were observed with 9.5 mm and
using 4 mm rotors respectively. Although the preliminary investigations showed sensitivity
degradation due to poor filling factors [65], an updated stator design in combination with
reduced rotor diameter (2 mm) [67] have demonstrated significant sensitivity enhancement
along with faster spinning in the range 57 kHz to 68 kHz. Although the technology is at a
development stage, the spherical rotor setup holds a promising future in the field of DNP
MAS.

Another promising approach to produce highly spin-polarized samples is by using para-
Hydrogen (p-H,), a spin isomer of Hydrogen, in hydrogenation reactions to transfer polariza-
tion to an unsaturated molecule [68]. Two popular approaches, namely, PASADENA [69-71]
and ALTADENA [72], where the hydrogenation takes place inside and outside the magnet
respectively, have been developed and signal enhancements of around 10 000 [73] has been
reported. These experiments with para-hydrogen are generally classified as para-hydrogen
induced polarisation (PHIP). Another PHIP variant is the signal amplification by reversible
exchange (SABRE) [74], a non-hydrogenative method, i.e. a technique to hyperpolarize sample
without their chemical modification. Recently, PHIP technique has been demonstrated in a
microscale [75, 76] and picomolar sensitivity has been demonstrated. PHIP techniques have
been generally popular in the low field domain and as such have not made rapid inroads into
solid state NMR [77, 78].

Nuclear spin polarization can also be enhanced by polarization transfer from an optically
pumped nuclei [79, 80] such as *He or ?’Xe through spin polarization induced nuclear
Overhauser enhancement (SPINOE) technique which has led to a 50 times increase in the
proton NMR signal strength [81]. The optical pumping methods have been combined with
MAS [82, 83] where laser-polarized '°Xe was inserted into a spinning rotor and continuous
flow was maintained using He as a carrier to hyperpolarize proton spins on the sample
surface. However, the lack of generality is the limiting factor for these methods. Only certain
metabolites can be hyperpolarized, meaning that the significant sensitivity boost is not realized
for all analytes.

Optical pumping methods have also been utilized to hyperpolarize *C nuclei in diamond
in a 9.4 T static magnetic field, through nitrogen-vacancy (NV) centers in diamond, a form
of crystal defect [84]. More recently, the NV centers have been introduced as magnetic field
sensor towards detecting single nuclear spin [85-88]. Small volumes of nuclear spins (10*-10°)
from proton emanating from liquid and solid state samples placed on the surface of the
diamond were detected using NVs created 2.5 to 20 nm below the diamond surface [85, 86].
The near surface NVs were able to sense protons from a detection volume less than 5nm?.
There have been further attempts at single-proton spin detection by bringing the NVs as
close as down to 2 nm from the diamond surface [88]. However, as promising as it seems, the
technique is at a nascent stage and would take a few more years to mature.

Another classical approach to boosting sensitivity is to improve the conditions on the
detection side of the NMR experiment. The weak NMR signal generated by the precessing
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nuclei is acquired with the help of RF inductors. These inductors, also called coils, are tuned
with the help of other passives to the Larmor frequency of interest and matched to 50 Q
for the efficient reproduction of the spectral information. As an alternative for the nuclear
induction method, a few other detection schemes such as mechanical detection [89], SQUID
(Super conducting quantum interference device) detection [90], and magnetometry [91] have
been reported. However, these substitutes have not matured into widespread utilization in
the NMR community.

Unfortunately, when it comes to RF coils, there is no one single design that is an universal fit
for all NMR experiments. A homogeneous B, field along the direction that is transverse to the
By field is one of the foremost criteria for designing NMR receiver coils [92]. Other important
characteristics include high SNR or sensitivity, sufficient bandwidth to observe the full range
of spectral information and material compatibility (avoiding paramagnetic materials). As per
convention, in order to have a high SNR, the magnetic coupling between the receiver and the
sample has to be as high as possible. This can be achieved by matching the size of the coil
physically to that of the sample. This led to the emergence of micro-coils or micro-detectors
(diameter < 1 mm) to improve the mass sensitivity when the volume of the sample available
was limited [3, 7, 93-95]. As an example, if we consider that around 10 nmol of material of
interest, is dissolved into observation volume of 100 nl (typical volume of micro-coils) would
result in a sample concentration of 100 mM. In contrast, mixing the same amount of material
with 250 pl of solvent (typical observation volume in a 5 mm sample tube) yields a sample
concentration of 40 uM. Therefore, using a micro-coil, the observed sample has concentration
of 100 mM as opposed to 40 UM concentration in a commercial 5 mm saddle coil, which leads
to the conclusion that significant enhancement in the mass sensitivity could be achieved with
a micro-coil when the amount of sample available is limited.

However, the drawback of reducing the size of sample, as in the case of micro-coils, means
that the thermal noise from the coil dominates the sample noise. Therefore, reducing it
would be another way to increase the SNR as the reduction in noise brings about decrease
in the coil resistance. This can be accomplished by using a coil wire which behaves like a
superconductor at an elevated temperature [96] or by using cryogenically cooled coils [97].
However, there is a cost disadvantage to this thermal noise reduction approach as high
temperature superconducting wires are much more expensive as compared to regular copper
wires and there is always the handicap of maintaining a large temperature difference between
the sample and the coil in miniaturized detectors [98].

Although initially limited to liquid-state, micro-coils have also become widely applicable
in the field of solid-state NMR [10, 99] owing to significant sensitivity increase in addition to
stronger RF irradiation that can be achieved with this approach. This has enabled the NMR
spectroscopists to broaden the horizon of solid-state NMR.

18



2.4 Micro-coils in NMR

2.4 Micro-coilsin NMR

Micro-coils have been widely used in liquid state NMR spectroscopy to improve the sensitivity
of the NMR experiment when the amount of sample available is limited [3]. A micro-coil
handles sample volumes typically in the range of few microlitres down to volumes in the
nanolitre regime and facilitates high RF excitation frequencies in the MHz range to be applied
to the sample [100, 101]. They are especially useful when the amount of sample available is
limited or in the case of expensive samples.

Hoult and Richards [4] have as a part of their experiments on SNR of NMR detectors reported
that the B;-field per unit current i generated from the coil was a measure of sensitivity of the
detector coil. This was based on the argument that the signal detected from a sample by a coil
is proportional to the induced magnetic field in the sample by an unit current passing through
the coil. This is known as the ’principle of reciprocity’. They extended the formulation of
the SNR of an NMR experiment proposed by [50] into an expression shown in the form of
Equation 2.14.

B
0)20 ' (Tl) Vs

V4 -k T Reoi - Af

SNR o (2.14)

where,

o = nuclear precession frequency (rad/s),

Vs = Sample volume,

Reoil = Resistance of the coil,

T = Coil Temperature (K),

Af= Spectral bandwidth (Hertz),

B;/i = ratio of magnitude of transverse magnetic field induced in the RF coil by unit current, i.
The Equation 2.14 assumes an optimal filling factor, which is defined as the amount of field

occupied by the sample. Peck et al. [102] simplified the Equation 2.14, for solenoids, to be

expressed as SNR per unit sample volume formulated in Equation 2.15.

wol[n/d 1+ (1)?] 7/4
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where,
d is the diameter of the coil. Thus, the from Equation 2.15 it can be concluded that sensitivity
drawback can be significantly overcome by reducing the size of the coil.

2.4.1 NMR Figures of merit

The improvement in sensitivity offered by micro-coils, however, comes at a cost. Since these
coils have high filling factors, the sample is usually located in close proximity to the wires.
This has a negative effect on the resolution of the spectral lines as a result of By field distortions
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caused due to the susceptibility variations at the coil/sample interface. There have multiple
approaches to eliminate this issue such as immersing the coil susceptibility matched liquid
and using thick-walled sample containers [8, 93], employing zero-susceptibility wires for
coil construction [103] and using susceptibility-matched plugs at the ends of the sample
container [104]. However, using thick-walled capillaries decreases filling factor of the coil,
which leads to a reduction in the sensitivity.

Therefore, sensitivity and resolution can be described as mainstays for any NMR experiment
and the basis on which an experiment can be qualified. Sensitivity is defined in terms of
minimum amount of nuclear spins which is necessary to generate a signal that can be
deciphered above the background noise. ‘Resolution, on the other hand, is defined as the
capability to clearly distinguish between multiple features from the acquired signal.

There are different ways to calculate the sensitivity of an NMR experiment. One method
is to calculate the time-normalized concentration sensitivity, S, which is based on sample
concentration. Additionally, the sensitivity of an NMR experiment is a function of its SNR and
acquisition time, t,¢q. The strength of the signal scales linearly with the #,.4 and on the other

hand the noise also increases with time and scales quadratically as t;c/s [3]. Therefore, the
time-normalized concentration sensitivity, S., can be expressed as shown in Equation 2.16:

SNR
Se= — (2.16)
Cs - tacq

where
C; is the sample concentration.

Lacey et al. introduced a more consistent approach for calculating sensitivity with micro-
coils and mass- and volume-limited samples, termed as mass sensitivity and the normalized
limit of detection [3] as shown in Equation 2.17 and Equation 2.18 respectively. The normalized
limit of detection can be defined as the amount of sample that needs to be observed to yield
an SNR value of 3.

SNR
Sp=—"""— 2.17
™ mol - tacqV? (217)

3 -mol - tacql/2

nLOD,, = SNR

(2.18)
where mol is the mole amount of the sample that resides within the active volume concentra-
tion.

The spectral resolution of an NMR experiment can be characterized by measuring the
spectral linewidth at 50 % of peak intensity, also known as full-width-at-half-maximum
(FWHM) [3]. Another characterization method is to measure the baseline resolution of the
spectra. This is done by determining the spectral line width at 0.55 % and 0.11 % of peak
intensity.
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Another important Figure of merit that can assess sensitivity is the probe efficiency [4, 11].
It is described in the Equation 2.19 and is a measure of the electrical power, P, required to
generate a transverse field for 90° rotation of the magnetization vector.

B B 1
St N S— (2.19)

Mp=——=—=
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Clark et al. [105] have previously reported that for a solenoidal geometry, the probe
efficiency can be expressed in terms of the coil Q factor, coil volume and its frequency, v and
scaling factor a based on the aspect ratio (I.,/d.0i1) of the coil as shown in Equation 2.20:

Bl Qcoil
p= = =y | = (2.20)
1 \/ﬁ Veoil = vV

Reducing the size of detector has its own set of challenges, especially in terms of design and
fabrication. Downsizing of coil geometries which have been successful at the macro scale
is not always straightforward or feasible. Nonetheless, there have been plenty of creative
solutions put forward to tackle this problem and miniaturization has been accomplished in a
wide variety of approaches [6, 8, 106—108]. This has churned out multitude of micro-coils over
the last few years employing variety of geometries and a slew of manufacturing techniques
to materialize these micro-coils [108].

The most popular form of micro-coil geometry have been the u-Solenoids [93, 102, 109, 110]
which were produced by wrapping metal wires or tracks around support structures such as
glass capillaries, cured epoxy or polymers. Moreover, a comprehensive guideline has been
established on optimizing the y-Solenoid geometry for RF homogeneity and SNR [111, 112].
The p-Solenoid geometry is still popular since it offers highest sensitivity [4] and highly
uniform magnetic field in the center of coil.

Another topology that has been extensively reported in the micro-NMR literature are the
planar p-coils [113-115] and the design rules and fabrication methods have been thoroughly
investigated [116]. Their ease of fabrication as compared to the p-Solenoids have made them
highly popular for integration with microfluidics [114, 115]. However, their sensitivity is
inferior compared to the pu-Solenoids. Another direction that the micro-coil development
has advanced is in the evolution of linear geometries. In contrast to spiral and solenoidal
micro-coils, linear geometries such as the striplines [117-119] and the p-slot [120, 121] employ
a single current path and the RF field is concentrated close to the sample by constriction
of the cross-section of the current path. The conductor accommodates a standing wave
with current anti-node at the sample region and nodes at the ends. These linear geometries
demonstrate excellent sensitivity and spectral resolution and can be easily integrated with
microfluidics [119].

Other micro-coil geometries such as the Helmholtz pair [122-124] and the Helmholtz
p-saddle geometry (modified Helmholtz pair) [125-127] have also been reported. These two

2.4.2 Micro-coil topologies
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configurations offer excellent spectral resolution for NMR experiments. Since the direction
of B; field is perpendicular to their axis, in contrast to solenoidal geometry, sample loading
can be done along the axis of the static magnetic field, B;. As a result, the By field cuts
across fewer material interfaces, thus leading to minimal distortion. Recent advancements
in micro-manufacturing have made the classic Helmholtz pair [124, 128] and the saddle coil
geometry [129] an attractive option to combine NMR with microfluidics. Additionally, the
feasibility of producing two decoupled orthogonal saddle coils observing the same sample
region [126, 127] opens up new avenues in multi-nuclei NMR spectroscopy.

2.4.3 Micro-coils in solid-state NMR

The MAS technique [16, 17], where the sample is spun at the magic angle, i.e. at 54.7° with
respect to the static magnetic field axis, By, has been extensively adopted in solid-state NMR.
Therefore, in order to maintain the highest possible filling factor, RF coils in the MAS probes
are also oriented at the magic angle and thus generating an RF magnetic field, B; which is
not perpendicular to By. Thus, only the horizontal component of this RF field, By, contributes
to the transverse magnetic field capable of rotating the magnetization vector onto a plane
perpendicular to By.

Hence, due to this constraint, solenoidal geometry is preferred to the saddle coils in MAS
configurations as 82 % (B;sin(54.7 °)) of B; field generated by the RF coil is at disposal for the
former and only 58 % (B;sin(35.3 °)) of B; field for the latter. Additionally, the advantage of
minimum By field distortion offered by saddle coils is also negated by their orientation along
the magic angle.

The sensitivity issues associated with MAS technique has been well documented and micro-
coils have been propped up as a solution to alleviate these concerns. The early approach
involved the "piggyback" micro-MAS [9] technique, where a p-Solenoid based resonator
along with a sample holder was mounted onto an existing stator of a commercial MAS probe.
The precision machined sample holder was then spun at the magic angle with the help of
a standard MAS rotor. This was shortly followed by the MACS technique where again a
p-Solenoid based resonator along with a sample container was integrated into the standard
MAS rotor and inductively coupled with the existing coil of a commercial MAS probe [10].
The MACS approach involved the co-rotation of the micro-coil ensemble and the sample
and proved extremely versatile unlike the piggyback method where major modifications to
the probehead along with precise alignment of the micro-coil circuit to the rotor axis were
necessary. Planar transmission line resonators in Helmholtz arrangement were also discussed
as an alternative to p-Solenoids for MACS [130], however they offered lower sensitivity boost
as compared to p-Solenoids (3 in comparison to range of 6 to 14). Additionally, a Helmholtz
arrangement has been reported with sample rotation capabilities [123], however, rotation at
the magic angle has not been demonstrated. Rapid development in p-Solenoid research has
also resulted in smaller MAS probes with detector size going down to < 1 mm [35, 131].
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Therefore, solenoidal geometry has been considered the most suitable for solid-state NMR
spectroscopy using MAS [132]. Moreover, due to its versatility, the MACS technique has
emerged as a serious contender to boost sensitivity in MAS NMR spectroscopy.

2.5 MACS NMR

10 mm

(a) (b)

Figure 2.3: a) Schematic of magic-angle coil spinning insert. The micro-coil insert is fabricated
by handwinding a copper wire around a capillary and the leads of the wire are
soldered to a high Q capacitor. Reproduced with permission from Sakellariou et
al. ([10]). Copyright (2007) ©Nature. All rights reserved. b) Basic circuit diagram
for inductive coupling between the probe coil, L; and the micro-coil, L,]. Reprinted
(adapted) with permission from Sakellariou et al. ([10]). Copyright (2007) ©Nature.

Hoult [133], in 1997, presented that the SNR of an NMR experiment with small samples could
be significantly improved by using a flux enhancer, i.e., a tuned circuit conforming to the size of
the sample which was inductively coupled [134] to the larger coil. Sakellariou et al. [10] applied
these findings to MAS and pioneered the MACS technology where an inductively coupled
micro-coil resonator was spun along with the sample. This technique offered sensitivity
enhancements of the order of 6 to 14 for a 4 mm MAS probe for nanolitre sample volumes [10,
135]. In addition the sensitivity boost, MACS technology has the added advantage that no
additional modifications to MAS hardware is required. Moreover, the isotropic susceptibility
effects from the constituents of the micro-coil are averaged to zero and thus eliminated
because of rotation at the magic angle [16, 17].

The micro-coil resonator was produced by manual winding of copper wires around quartz
capillaries and the ends of the wire soldered to a discrete capacitor. The micro-resonator along
with capillary was then centred inside a MAS rotor using machined Shapal-M (AIN) cylinder
as shown in Figure 2.3a. Therefore, the strenuous and labour intensive process of fabricating
this micro-detector and sample filling can be considered a disadvantage in comparison to
standard MAS experiments where only sample preparation is required. Additionally, MACS
technique is also adversely effected by induced eddy currents in the spinning micro-coil
ensemble which would lead to sample degradation and spectral line broadening.
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The basic foundation that is indispensable to the functioning of the MACS technique is
the wireless inductive coupling between the rotating micro-coil and the standard coil in the
MAS probe as shown in Figure 2.3b. Since the micro-coil is not tethered to any terminals, its
rotation at the magic angle is feasible.

In NMR aside from the MACS technique, inductive coupling has found application in
integration of microfluidics with NMR [114, 136] to improve throughput and sensitivity, in
flow-NMR [137], liquid-state NMR in general [138], MR microscopy of brain tissue with
resonant coils [139] and broadband coil [140], and tracking of the MR-catheter during in-
terventional MRI (iMRI) [126]. A micro-coil which is inductively coupled with an external
larger coil has been also developed as a solution to get around the need for impedance match-
ing [141] using bulky capacitors and inductors and lossy coaxial cables [142-145]. There is
also a comprehensive review on the practice of inductive coupling methods in MR probe
design [146].

The subsequent sections will focus on the fundamental concepts of inductive coupling. The
signal acquisition using the wireless coupling approach will be compared to the tethered wire
method. The theory and calculations for inductive coupling between two coils have been
based from three well known sources in NMR literature [15, 146, 147].

2.5.1 Inductively coupled micro-coils

The concept of inductive coupling [134] in basic electronic theory has been well established
for many years. The underlying principle of resonant inductive coupling is explained in the
simplified circuit diagram as shown in the Figure 2.4. The micro-resonator is a combination
of micro-coil L., with a resistance R, and a capacitor, C. This ensemble is coupled to the larger
primary coil with an inductance L, and resistance R,,. The capacitors, C; and Cy, act as tuning
and matching capacitors respectively for the coupled system. The two coils have a mutual
inductance, M,,, which means that magnetic flux from these respective coils cuts across the
region enclosed by each other.

Using Kirchhoff’s voltage and current law, following equations are derived from Figure 2.4.

Ve=1I - joMyp — I - (R, + joLp) (2.21)
: . L
I (Re+ joLe) = L - joMep + ——= =0 (2.22)
joC

The coupling strength between them hinges on a number of factors such as proximity,
alignment, their respective electrical characteristics and is defined by a constant denoted as
coupling factor k. In the case of two solenoids, one of the criteria for maximum coupling is that
their respective axis is concentric and they show zero coupling when they are perpendicular
to each other The mutual inductance, M,,, can be expressed in terms of the individual
inductances, L. and L,, and coupling factor k, as shown in Equation 2.23:

M.y = ky/L.L, (2.23)
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R R
I, b ‘ I,

Figure 2.4: Topology of a LC resonator inductively coupled to a primary coil. A tuned micro-
coil L, with the capacitor C is coupled through mutual inductance M, to the
primary coil L,. The capacitors, C; and Cy,, perform the functions of tuning and
matching respectively. A voltage, Vy is induced across coil, L.

The effective impedance, Z, or Z.¢r can be obtained by combining Equation 2.21, Equa-
tion 2.22 and Equation 2.23 as shown in Equation 2.24:

w?k*LcLy
1
joC

Zeff = ZP + Zceff = Rp + ja)Lp + (2.24)

R.+ jowL. +

For concentric solenoids, the coupling constant, k can be defined approx. as a ratio of their
respective volumes, V¢ and V), by Equation 2.25:

k = (2.25)

Ve
Y

where V, is the volume of the micro-coil and V), is the volume of the primary coil.

Based on the strength of the coupling between the coils, systems can be classified as
overcoupled, tightly coupled, critically coupled or loosely coupled [134]. The critical coupling
coefficient, k. can be expressed in terms of quality factors of the individual coil system as
shown in Equation 2.26 [134]:

1
© V0.0,

where Q. = Q,r = wL¢/R. is the quality factor of the micro-resonator (assuming the capacitor
has infinite Q) and Q, = wLy/R,, is the quality factor of the primary coil.

In the MACS technique, the sample excitation efficiency is at the highest when almost
all of the applied power gets dissipated in the micro-coil and a very negligible fraction in
the primary coil. Therefore, this efficiency, E, as shown in Equation 2.27 can be defined as
fraction of the total applied power that gets dissipated in the micro-resonator.

(2.26)
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| P, P
E= c — ¢ (2.27)
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Assuming the resonance condition, i.e., the micro-resonator is tuned to the Larmor fre-
quency, the effective impedance, Z, sy in Equation 2.24 can be simplified to include only DC re-
sistances. Additionally, since the same current, I, is flowing through both coils, Equation 2.27
can be expressed only in terms of coil resistances, R. and R, as shown in Equation 2.28:

E= Iszceff _ Rceff _ 1 _
L*Reesr +L*Ry  \ Reerr + Ry L

Substituting Equation 2.25 and Equation 2.26 into Equation 2.28, the inductive coupling
efficiency in the MACS configuration can be obtained in terms of either coupling factor, k,
and critical coupling factor, k. or in terms of Q factors, Q. and Q,, and coil volumes, V; and V,,
respectively.

(2.28)

(2.29)
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The coupling efficiency, E, can also be applied to predict the enhancement in the B; field
obtained from the MACS resonator as compared to primary coil. Taking the ratio of their
respective probe efficiencies and combining Equation 2.20 and Equation 2.27, the ratio of their
respective B, field is obtained as shown in the Equation 2.30:

Bgoil
Vv
N e (230)
B QpVe
VE»
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where Bi"” is the By field generated by the micro-coil in the MACS arrangement and Bf robe i
the B, field generated by the primary coil in the probe in standalone operation, i.e., in the
standard MAS arrangement.
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Combining Equation 2.20 and Equation 2.30, the relative enhancement in the B; field can be
expressed in terms of the quality factor, Q,, of the micro-resonator as shown in Equation 2.31:

B ot o[ (231)
Bfrobe - o=c 1+ Qp‘chc ox¢ 1+ (kﬁ)Z '
p C

Therefore, by observing Equation 2.29, it can be inferred that when the coupling factor is
much larger to the critical coupling, k >> k., the inductive coupling efficiency, E, is close
to 100 %. Under this condition, the two coils are considered to be overcoupled and bulk of
the applied power gets dissipated in the micro-coil resonator. Under the critical coupling
condition, k = k., the applied power gets dissipated equally between the micro-coil and coil in
the probe. Therefore, at first glance, overcoupled regime looks to be desired mode of wireless
coupling. Additionally, according to Equation 2.31, the B; field enhancement in the MACS
arrangement, when the coils are undercoupled, i.e., k << k, is directly a function of quality
factor of the micro-resonator.

2.5.2 Effect of frequency offset of MACS inserts

For Equation 2.29, the inductive coupling efficiency, E, was derived for a micro-resonator
tuned to the exact Larmor frequency. However, in reality, it is quite challenging to fabricate a
micro-resonator tuned precisely to required frequency. Imperfections in micro-coil fabrication
will lead to some degree of offset from the target frequency. So naturally, it is necessary
understand the effects of imperfect tuning on the enhancement in sensitivity.

To understand the loss in sensitivity, necessary modifications have to be made to Equa-
tion 2.28. Since the micro-resonator is tuned away from the Larmor frequency, pure resistance
terms in the equation have to be replaced by real part of the impedance Z,f.

wszLch Rc(wiMczp) (wiMczp)

Rc + ijLc + ﬁ Rg + ((ULLC - $)2 (1 + 4Q3(Rci_i) 2)

Re(Zeff) = Re( (2.32)

Using the non-ideal terms calculated in Equation 2.32 for R, 7 in the efficiency Equation 2.28,
the modified Equation 2.33 is obtained to describe the coupling efficiency, E, when the micro-
resonator is not tuned to the Larmor frequency.

1
E =~
ke
YU+ (521 +4Q2(82)2)
The significance of Equation 2.33 is illustrated in Figure 2.5, where the loss in sensitivity
gain is estimated for + 50 MHz offset in the tuning frequency for the micro-resonator when
its Q factor, Q. is in the range from Q= 12 to 50 at 500 MHz. It can be clearly observed that the

higher the Q factor of the micro-resonator the narrower the bandwidth for its tuning offset
from the target frequency. Therefore, a high Q micro-detector in the MACS arrangement is

(2.33)
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Figure 2.5: Relative sensitivity gain from MACS with respect to the deviation from the Larmor
frequency at various Q factors. Adapted with permission from [148] Copyright
2019 ©Royal Society of Chemistry.

much more susceptible to higher SNR losses due to mis-tuning as compared to the one with
relative low Q factor.

On the other hand, as observed from Equation 2.29 and Equation 2.31, high Q is also
imperative for high coupling efficiency and sensitivity. Therefore, the ideal scenario would
be a high Q micro-detector tuned exactly to the Larmor frequency of interest. However,
limitations in fabrication techniques compels this proposition quite challenging.

Moreover, the coupling of a micro-detector tuned to the Larmor frequency with a tuned
primary coil causes de-tuning of the coupled system. Higher the Q factor of the micro-
resonator, further away is the tuning from the desired frequency. To re-tune to the desired
frequency and match the impedance of the coupled system to 50 Q, the capacitance range of
the tuning and matching capacitors, C; and C,, respectively, should be broad enough when
the Q factor is high [147]. This also introduces a bottleneck for MACS technique in terms of
SNR degradation. Nonetheless, the assertion that the micro-resonator Q is a vital cog in the
MACS technique cannot be understated.

2.5.3 Effect of Q factor of the micro-resonator

Therefore, it is important to find out the close to ideal Q factor, if not the optimum value, of
the micro-resonator for MACS technique. Additionally, it is imperative that wireless coupling
technique is compared to the standard configuration of direct connection using wires for the
same micro-coil. This can be investigated from the sensitivity offered by each method.
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The sensitivity of any micro-coil is directly related to its probe efficiency as shown in Equa-
tion 2.19. Assuming the micro-resonators are tuned to the Larmor frequency, the impedance
term transforms into pure resistance term.

SNRgirect ® & (2-34)
I.VR.
B B,
IfRerr  LeyR,(1+K20.0,)

Under resonance condition, the ratio of the magnitude of the current flowing through
micro-coil and the primary coil can be expressed as shown in Equation 2.36

I oMy a)k\/LC_Lp

L R R
Therefore combining Equation 2.34, Equation 2.35, and Equation 2.36 the SNR ratio of wire-
less coupling technique to direct connection method is expressed as shown in Equation 2.37:

SNRyirless * (2'35)

(2.36)
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Considering a 4 mm MAS system with the primary coil having a Q factor of 200, the essence
of Equation 2.37 is illustrated in Figure 2.6. For different realistic scenarios of volume ratios
((Ve or V,g)/(V,, or Vias) = k?) between the micro-resonator and the primary MAS coil, SNR
penalty incurred for wireless mode of micro-coil operation is presented as a function of the
Q factor of micro-resonator, Q,r or Q.. At first glance, it can be inferred that a minimum
micro-resonator Q of 20 is desired to have SNR loss in the wireless configuration at less
than 15 %. This number also fits well into Equation 2.33, which describes the relationship of
Q factor to mis-tuning.

For nominal values of Q,, = 200, Qg = Q. = 20, and k = 0.03, SNR,,ireiess/ SNRgirect = 0.88.
That means a 12 % loss in SNR occurs due to the wireless approach. Improving the quality
factor of the micro-detector as well increasing coupling k between the detector and primary
coil will further reduce the SNR loss.

2.6 Microfabricated MACS detectors

The vast majority of reports on MACS NMR spectroscopy [10, 99, 149-153] has employed a
MACS detector that was produced by winding a copper wire around a capillary manually and
soldering the ends of the wire to a commercial capacitor. However, this approach of serial
fabrication of MACS resonators is not reproducible and prone to imperfections. Additionally,
the process itself is tedious and requires finely honed skills for coil winding and soldering.
Further, the non-magnetic capacitors as well the soldering interface may lead to distortion in
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Each curve represents a different volume ratio between the micro-resonator and
the outer MAS coil indicated as in the inserted table. Q of the primary coil, Qp, is
taken as 200. Adapted from [46] Copyright 2018 ©Wiley.

B, field if the susceptibility artifacts cannot be averaged out by rotation at the magic angle.
They also contribute towards additional heating effects due to induced eddy currents [154, 155].
More often than not it might also be difficult to achieve stable MAS rotation, especially at
high rotation speeds, if the capacitor and coil ensemble is not centered inside the rotor.

These grievances led to the development of first reported microfabricated MACS detector by
Badilita et al. [11] based on the combination of automated wirebonding technology [156, 157]
and wafer-scale microfabrication techniques [158] as shown in the Figure 2.7. This added a
degree of sophistication to the fabrication of micro-resonators and introduced a new approach
to produce these detectors in a parallel manner. However, combining the wirebonded micro-
coil with an on-chip capacitor degraded the electrical performance of these devices. This
was attributed to the poor Q factor of the interdigitated on-chip capacitors. The linewidth
of the spectral lines in the NMR spectrum acquired using these detectors was also quite
poor1 ppm. Further, the reported aspect ratio of the micro-coil was approx. 0.65 which lead
to poor homogeneity of the B; field generated by the coil. To add to these issues, handling
these detectors proved tricky as well because of the exposed coil as shown in the Figure 2.7a.

These microfabricated devices were improved by implementing some modifications such
as improving the B; field homogeneity by increasing the aspect ratio of the coil, replacing the
gold coil wire with copper, device packaging to enable easy handling, optimize the capacitance
for a given footprint and so on [159, 160]. As a result, these modified detectors demonstrated
improvements in line resolution going from 1 ppm to 0.03 ppm. However, sensitivity enhance-
ment was still not optimal with the on-chip interdigitated capacitor exhibiting poor Q factor.
Moreover, thermal characterization, to study the effect of induced eddy currents, of both these
devices were not performed.

Another microfabricated MACS device that has been reported is the monolithic MACS
insert [130]. The design for these devices was based on the transmission-line resonator (TLR),
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with the sample sandwiched between two such planar devices to form a volume detector
which is self-resonant. The Q factor for these devices were reported be around 50. Nonetheless,
only a factor 3 times enhancement in sensitivity was demonstrated with these detectors as
compared to around 6 to 14 for handwound detectors. Since the self-resonance in these devices
was achieved using capacitance that is parasitic in between copper tracks, the Q factor of the
capacitor is considered to be poor. The reported spectral resolution of 0.1 ppm was also quite
average. Although, the fabrication process was much simpler as compared to the wirebonded
MACS detectors, it was not as robust, because these TLR’s had to be mounted manually on
sample containers made of plastic cylinders. Therefore, the mass production potential of these
monolithic MACS detectors is much less than the corresponding wirebonded MACS devices.

2.7 Discussion

The wirebonded resonant devices [11] have demonstrated immense potential towards mass-
fabrication of MACS detectors. However, detector performance is currently the limiting
their reach in the NMR community. Therefore, immediate goal is to improve the inductive
coupling efficiency of these detectors which can be accomplished by increasing their Q factor.
Additionally, a characterization on the effect of induced eddy currents on the spectral quality
from these devices is also in need of the hour.

Equation 2.37 established the minimum required Q of the micro-resonator, Q,r, to have
considerable sensitivity enhancement from these devices. Q,z depends both on the Q fac-
tor of the micro-coil, Q., as well as the capacitor Q factor, Qcqp. This can be described in
Equation 2.38.

Qcap ' Qc

—_—. 2.38
Qcap + Qc ( )

QuR =
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Since the micro-coil Q factor, Q,, is somewhat fixed [156], the on-chip capacitor has to be
redesigned to improve its Q factor. The integration of a high Q on-chip capacitor, optimized
for its thermal performance, with a wirebonded micro-coil would be the major challenge to
overcome. From Equation 2.38, it can be observed that for an extremely high Q.4p, (Qcap >
2500), Qyk ~ Q-

The growth of these microfabricated MACS devices is intertwined with their mass-production
efficiency. Therefore, establishing a robust wafer-scale manufacturing process capable of
producing 1000s of such devices on a substrate has the possibility to revolutionize MACS
NMR spectroscopy.

Further, the application of the resonant MACS detectors is limited to the frequency to
which they are tuned. This makes it necessary to have detectors at different frequencies to
measure different nuclei or to conduct NMR experiments at different magnetic field strengths.
A concept for non-resonant variety of MACS detector with broadband performance across
the frequency spectrum is also envisaged.
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3 MEMS capacitors for MACS

The inductively coupled micro-detectors employed for MACS NMR technology has resulted
in enhanced sensitivity of the MAS NMR experiments [10]. The micro-detector, which is
essentially a micro-coil, is tuned to the Larmor frequency of interest with the help of a tuning
capacitor. The most common implementation of the MACS technique has seen the tuning
capacitor as a discrete element soldered [10, 152] to the ends of a handwound micro-coil.
Other variations of the MACS micro-detector has the capacitance originating from an on-chip
capacitor [11, 160] or from the parasitic effects between the windings of the coil [130].

The limitations, described in Section 2.6, imposed by the use of soldered commercial
capacitors on the MACS detector in MACS experiments have led to the development of
the capacitor integrated with the micro-coil [11, 130, 160]. Therefore, the on-chip capacitor
plays an important role in the MACS device. Along with their function to tune the device to
Larmor frequency, they also contribute to minimizing the footprint of the detectors. Further,
the on-chip capacitor avoids the accumulation of bulk metal on the soldered joints at the
coil-capacitor interface.

In the beginning of this chapter, a brief overview on RF MEMS capacitors is provided.
Different capacitor designs that could be implemented with the micro-coil is also outlined.
Further, simulation of various characteristics of the selected capacitor designs along with
their fabrication are also addressed in this chapter. Benchtop as well as NMR characterization
followed by a discussion and analysis of the results completes the chapter.

The primary results of this chapter were presented as a poster at EUROMAR 2017. Further,
a detailed review and analysis of the results along with fabrication and characterization
have been reported as a research article in Concepts in Magnetic Resonance, Part B (Wiley)
journal [SA1].

3.1 RF MEMS components in micro-NMR

Passive RF components such as inductors, capacitors, diodes, varactors, trimmers, transmission
lines are indispensable in NMR. A typical micro-detector or a micro-coil used in NMR is
essentially an inductor. Capacitors and varactors (variable capacitors) are typically used
either for tuning and matching the impedance of the micro-coils or in trap/tank circuits.
Transmission lines are useful in signal transmission and trap/tank circuits, whereas diodes
are utilized in NMR for switching between transmit and receive modes [161].

With the evolution in the field of micro-NMR, the coils or detectors have been miniaturized
in order to match the size of detector to that of the sample [8]. A multitude of microfabrication
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(MEMS) techniques have enabled the construction of various types of micro-coils [108].
However, the presence of RF passive components such as capacitors as discrete elements
hinder further miniaturization efforts. Hence, on-chip passives have been developed to
overcome this drawback [162].

The primary concern with the on-chip passive components is that they do not offer the
high quality factors as that achieved with the off-chip elements [163]. In the case of inductors,
minimizing substrate losses and their series resistance, has yielded improved Q-factors with
values in the range of 25 to 80 [113, 164].

In addition to the Q-factor, the self-resonant frequency (SRF), the inductance (L) and
the capacitance (C) of an inductor and a capacitor respectively are the most important
characteristics used to define the performance of these components. The wirebonded micro-
coils have been reported to have a quality factor of around 50 with a self-resonant frequency
around 2.6 GHz [156]. These micro-coils have been previously combined with off-chip discrete
commercial capacitors for tuning and matching their impedance to the required values.
Moreover, most NMR detectors involve the use of high-Q (>10000) off-chip capacitors as
tuning and matching elements which are either soldered to a PCB [165] and connected to the
coil via transmission lines, or connected directly to the leads of the coil wire [10]. The discrete
capacitor, albeit offering very high Q-factors of around 10 000 [166], has other disadvantages
such as being too bulky, susceptibility artefacts, eddy current heating, for MAS applications.
Therefore, the benefits of having a capacitor on-chip are immense.

Kentgens et al. [9] were the pioneers in introducing a non-discrete capacitor in MAS
experiments by mechanically integrating a micro-coil in a custom-made parallel plate capacitor.
The LC resonator was then mounted on a MAS stator and featured micro-coils down to 200 pm
diameter. Ryan et al. [114] managed to obtain capacitance on-chip by taking advantage of
inter-winding capacitance from a micromachined spiral coil to tune it to the required Larmor
frequency. These planar resonators, integrated with microfluidic lab-on-a-chip devices were
then inductively coupled to the coil in the probehead. The first micromachined on-chip
capacitors in NMR were reported by Badilita et al. [11], where an interdigitated capacitor
was integrated with a wirebonded micro-coil to obtain micro-resonators and Koo et al. [98],
where a parallel plate capacitor was integrated with a spiral coil to obtain a microfluidically
cryocooled micro-resonator. Both approaches involved standard microfabrication techniques
such as lithography, etching, and electroplating. In the former case, the micro-resonator
was inductively coupled to a coil in the MAS probehead, whereas in the latter case it was
inductively coupled to a secondary coil, which in turn was electrically connected to the MR
system through a transmission line. Sakellariou et al. [130] introduced a coupled pair of
self-resonant transmission line resonators (TLRs) into the MAS rotor as a solution to avoid
lumped elements inside the rotor. The capacitance in this case was distributed in between the
windings of the spiral coil.

However, all these innovative approaches had some drawbacks for application in MAS either
relating to mechanical or electrical properties. In the case of piggyback MAS arrangement
employed by Kentgens et al. [9], electrical contact was not secure during spinning because
the micro-coil was soldered to the custom-made capacitor disk. Moreover, the approach
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also necessitated hardware alterations to the commercial probe. The planar resonators
from Ryan et al. [114] were exclusively designed for microfluidic lab-on-a-chip applications.
Although Sakellariou et al. [130] modified the planar spiral coil into a coupled TLR setup,
the capacitance in this case is parasitic within the coil and hence lossy. The interdigitated
capacitor described by Badilita et al. [11] suffers from low quality factors and therefore leads
to signal losses during acquisition as explained in Section 2.5.3. However, the compactness of
the wirebonded micro-coil and absence of long leads renders it a suitable choice for MACS
application. Although the cryocooled resonator from Koo et al. [98] is bulky for the MACS
arrangement, the compactness and flexibility offered by the parallel plate capacitor represents
a useful proposition to integrate with a wirebonded micro-coil.

3.2 On chip capacitors for MACS

For the integration of an on-chip capacitor with a wirebonded micro-coil, as shown in
Figure 3.1a, the salient features of a capacitor have to be studied and then evaluated. The two
most common designs reported in the literature, shown in Figure 3.1b and Figure 3.1c, are the
interdigitated and parallel plate variants, respectively. Irrespective of the design, a capacitor
can be represented by an equivalent circuit model as shown in Figure 3.1d, which describes
a non-ideal capacitor having a capacitance, C, with resistances, R, and Rc,, in series and
parallel, respectively. The former is known as the equivalent series resistance (ESR) of the
capacitor, originating from the structure itself and the latter is the insulation resistance from
the dielectric. Additionally, the capacitor leads have an inductance, L¢, which is parasitic in
nature.

The non-idealities in the capacitor are grouped together and expressed in terms of power
factor (PF). The power factor is expressed as a function of the phase angle, ¢, which is the
angle by which the alternating current leads the applied voltage in a capacitor. In an ideal
capacitor, the phase angle is 90°. However, a realistic capacitor with its imperfections will
have a phase angle less than 90°. Since the phase angle describes the losses in capacitor, the
Q-factor of a capacitor is expressed in terms of this phase angle and the relationship between
the phase angle, power factor and Q-factor is represented in Equation 3.1.

1
Qcap

Therefore, according to the Equation 3.1, the Q-factor of a capacitor tends to infinity when
the phase angle is 90°. Hence, for the Q-factor to be maximum, the non-idealities surrounding
the capacitor such as the ESR should be kept to a minimum. Further, the operating range of
the capacitor is defined by its self-resonant frequency beyond which the inductive component
will dominate the capacitive behaviour.

Additionally, in the case of MACS experiments, the capacitor structure will be undergoing
rotation at very high magnetic fields, typically beyond 7 T. This results in eddy currents

PF = cos(¢) =

(3.1)
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Figure 3.1: a) Exploded view of the MACS insert; b) Interdigitated capacitor design; c) Parallel
plate capacitor design; d) Electric circuit model of a non-ideal capacitor. Note that
the Figures are not to scale. Adapted from [46] Copyright 2018 ©Wiley.

being induced in moving conductive materials of the capacitor. Although induced eddy
currents find applications in levitation [167], in electricity generation, or can be used in
position sensors [168] and electromagnetic brakes [169], in the case MACS-NMR, induced
eddy currents are entirely parasitic, causing heating and slowing down of the MAS rotor, and
hence should be kept to an absolute minimum.

Examining these basic electrical and thermal characteristics of the capacitor using simula-
tion models then verifying them using fabricated structures form the backbone of the current
chapter.

3.3 Simulations

The simulation study was organized according to the two effects that were to be analyzed.
The non-idealities in the electrical behaviour of the capacitor structure was one and thermal
effects due to the induced eddy currents in the metallic parts of the capacitor was the other.
The two capacitor structures mentioned in Figure 3.1 were evaluated for these effects.
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3.3.1 Evaluation of the Q-factor

The on-chip capacitor structures were simulated for their electrical parameters in ANSYS®
HFSS™ environment. The scattering-parameters of the respective structures were computed
across a frequency range of 100 MHz to 2000 MHz.

The structure for interdigitated capacitor was defined by having nine finger electrodes,
with its thickness as an adjustable parameter, and was built upon a pyrex substrate of thick-
ness 500 pm, which resembles typical substrates in manufacturing. The electrodes, which
are separated by a distance of 20 pm, have a width 20 um. Further, a 1 mm SU-8 dielectric, an
epoxy-based photopolymer with a relative dielectric constant €, of 3.24 and a loss tangent
tan(d) of 0.015 at 1 GHz [170] was modeled on top of the electrodes, to resemble the actual
conditions of an encapsulated MACS resonator. A lumped port was defined between two
perfectly conducting contact pads. Likewise, the structure for the parallel plate capacitor was
defined by having a capacitor plate on top of a pyrex substrate of thickness 500 um which was
meant to function as the bottom plate, followed by a 10 um SU-8 dielectric on it. The second
plate of the capacitor, which acts as the top plate, was defined on the dielectric layer. The
plates have a width of 150 um. Both capacitor structures were embedded in a SU-8 dielectric of
thickness 1 mm and a lumped port was defined between the two perfectly conducting contact
pads. The electrical losses were introduced into the capacitor structures via the impedance
boundary condition.

Interdigitated capacitor  Parallel plate capacitor
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- 3um -o— 5um
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Figure 3.2: Comparison of the quality factor of the interdigitated and parallel plate capacitors
of various electrode thicknesses. Adapted from [46] Copyright 2018 ©Wiley.

The extracted S-parameter values from the simulation were converted into impedance
values. The Q-factor values for the respective structures shown in Figure 3.2 were then
computed from the impedance plots.
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The simulated values of the Q-factor for the interdigitated capacitor with electrode thick-
nesses of 3 um and 7 pm at 500 MHz was found to be approximately 17.5 and 19.8, respectively.
Similarly, the Q-factor numbers for the parallel plate variant of the capacitor for plate thick-
nesses of 3 um, 5 um and 7 um at 500 MHz was evaluated to be 46, 47.7 and 48.3, respectively.

Hence, it was concluded from simulation experiments that parallel plate capacitor exhib-
ited better electrical performance as compared to the interdigitated version. The observed
simulation behaviour could be argued on the basis that the electrical field lines diverge into
the lossy substrate in the case of the interdigitated capacitor, whereas the lines converge
between the plates in the case of the former. Moreover, smaller cross-section of the interdigi-
tated electrodes led to higher resistance. Additionally, it was observed that the self-resonant
frequency of the capacitor structures was close to 2 GHz, well beyond the intended operating
range of 100 MHz to 700 MHz for the capacitor.

3.3.2 Induced eddy currents in the capacitor

The rotation of the MACS detector inside a homogeneous magnetic field causes eddy currents
to be induced in the cross section of all metal tracks, including the coil wire and capacitor
structure due to flux variations. The current flow will be such that it generates a field opposing
the rate of change of flux in the metal cross section. The generation of induced eddy currents
in a micro-coil and in plain and hollow cylinders spinning in a static magnetic field, and the
resulting consequences in magnetic resonance, has been evaluated before in [154, 171]. The
reported methods have been applied to the capacitor structures and the resultant heating has
been studied and explained in the following section with help of qualitative formulae as well
as simulation models.

3.3.2.1 Analytical formulations

A similar approach to one reported by Aguiar et al. [154] for a micro-coil was adopted to obtain
a qualitative formula for the power dissipation due to induced eddy currents in the capacitor
structures. The capacitor structures were modeled in the form of a ring with a thickness h,
width b, and radius r, which is a good approximation for both interdigitated and parallel plate
capacitor geometries. Figure 3.3 illustrates the positioning of the rotating capacitor structures
with respect to the static magnetic field, By. Observing the arrangement from a rotating frame
of reference in which the conducting part is stationary and the field is rotating, the axial
component of the static magnetic field, By, also appears stationary, therefore, plays no role
in flux variations. On the other hand the perpendicular component, B, (B sin(«)), rotating
with angular frequency, w, generates eddy currents in the capacitor because it experiences
variations in magnetic flux, ¢.

The magnetic flux associated with capacitor from the perpendicular component, By, and
the emf generated due to the induced eddy currents from the flux variations is analytically
approximated using Gauss’ law of magnetism and Faraday’s law of induction. Accordingly
Equation 3.2 gives the numerical representation of the flux formation in the metal.
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By ™

a)
N
" b c)

Figure 3.3: Eddy current formations in the capacitor as illustrated by the current loops due to
rotating magnetic field component B,. The behaviour of the induced eddy currents
are such that the current flow is generating a field opposing the flux variations.
Hence, this opposing field could be generated by current trajectories which are b)
circular or c) elliptical in nature.

$=B-A=Bs-A-cos(0) (3.2)

where,
¢ = flux linkage
B, = static magnetic field (T),
A = area of the current loop (m?) crossed by the flux
0 = angle between the area vector and magnetic field vector, in this case is zero.

The behaviour of the induced eddy currents is such that the current flow is generating
a field opposing the flux variations. The current trajectories of the induced eddy currents
generating this opposing field are elliptical and circular in nature depending on the conductor
cross sections as shown in Figure 3.3. The area of the current loops at 4 sectors of the ring are
estimated in terms of dimensions of the ring. The circular trajectory at two sectors shown in
Figure 3.3b are taken as a rectangle with dimensions of h and b, whereas the elliptical ones in
Figure 3.3c are considered as a rectangle with dimensions of h and r.

Differentiating Equation 3.2 with respect to time provides the emf generated in the ring
due to the induced eddy currents. The resistance to the eddy current path is calculated using
half the cross-sectional thickness, h, of the ring. From the induced emf, V, and the resistance,
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R, the relationship between power dissipation due to the eddy currents, the ring/capacitor
geometry and the spinning frequency w can be evaluated.

The emf generated by the circular current trajectories shown in Figure 3.3b are described
in Equation 3.3. Additionally, resistance to this current path, R, is also calculated.

¢=Bx-h-b-cos(w-t) (3.3)
d
V:—d—gf:a)-BX-h‘bwin(a)-t)
R:p-Z-(h+b)
r. b

2

The power dissipation in the metal due to circular trajectories is estimated using the
calculated emf and the resistance. This is described by Equation 3.4.

VZ
P=— 3.4
R (3.4)
b2
:O.S'COZ'BXZ'(F']’I3'm)'Sinz(w't)

Similarly, for the elliptical current trajectories described in Figure 3.3c, the induced voltage
as well as the resistance are described in Equation 3.5.

¢=By-h-r-cos(w-t) (3.5)
d

V:—d—gf:a)-BX‘h-r-sin(cwt)
.92,

rR=2""7
b-3

Further, the dissipated power is calculated as a function of the emf and the resistance and
is expressed in Equation 3.6.
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-V (3.6)

b
=0.5-a)2-BX2-(r-h3-;)-sin2(a)-t)

In both cases it could be concluded that the heat dissipation from the induced eddy currents
in the capacitor has a substantial dependence on its geometry, especially its thickness which
shows a cubic dependency. Additionally, the amount of dissipated power exhibits a quadratic
relationship with the speed of rotation of the metal structure in the magnetic field.

3.3.2.2 Simulation of induced eddy currents

The eddy current behaviour in the capacitor due to its simultaneous spinning with the sample
in a magnetic field is an underlying issue that was also studied with the help of finite element
method (FEM) simulations in COMSOL Multiphysics®. The simulation was performed with
the AC/DC module of the software employing magnetic and electric fields physics.

A cylindrical air domain having a diameter of 3 mm and a thickness of 400 pm was defined
as the simulation domain and Ampere’s law of current was assigned to this domain. A model
of an interdigitated capacitor having two fingers and a parallel plate capacitor with a plate
distance of 10 pm, each concentric to the rotation axis, were defined in the simulation domain.
The perpendicular component of the static magnetic field 11.74 T, i.e, 11.74 sin(54.7°) = 9.55T
was defined perpendicular to the rotation axis using a magnetic potential boundary condition
for the exterior boundaries. A velocity term was designated for the capacitor structures. The
thickness of the structures and the spinning speed were assigned as parameters and were
varied from 1 pm to 10 um and from 1kHz to 10 kHz, respectively. Both capacitor structures
were designated gold as the material. The finite element mesh (triangular) was relatively
coarse for the cylindrical air domain surrounding the metal structures and finer mesh (free
tetrahedral) size of 0.5 pm was assigned to the conductors to resolve current distributions. The
maximum thickness and the spinning speed were limited to 10 pm and 10 kHz respectively
keeping in mind the skin depth for gold at around 300 MHz and the maximum rotation speed
of a 4 mm MAS rotor.

The eddy current distribution in the capacitors rotating in an uniform field is shown in
Figure 3.4. It can be observed that the induced eddy currents flow in an elliptical trajectory
and these currents are situated in cut planes of the capacitor that lie parallel to the axis of
rotation.

The results from the parametric studies are described in Figure 3.5. The magnitude of
induced eddy currents varies linearly with the rotation speed and the thickness of the metal
structure, as derived in Equation 3.3 and Equation 3.5. It can also be concluded that the heat
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Figure 3.4: Induced eddy currents in a) an interdigitated capacitor of thickness 8 um and b)
parallel plate capacitor of plate thickness 3 um. The insets show the trajectory
of the induced eddy currents in the structures. Adapted from Adhikari et al. [46]
Copyright 2018 ©Wiley.
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Figure 3.5: Simulated current densities and specific power dissipation in a parallel plate
capacitor structure due to induced eddy currents as a function of a) spinning speed
and b) thickness of the structure. The red and black lines show the best-fit curves.
Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

dissipation due to the induced eddy currents increases drastically at higher spinning speeds
and higher metal thicknesses. Therefore, the desired thickness of the metal has to be kept to a
certain minimum value taking into account skin depth considerations such that resistance of
the capacitor structure is also at a minimum. It can also be observed that the heat dissipation
also increases (quadratic behaviour) at higher speeds. Therefore, efficient cooling of outer
surface of the rotor in addition to good thermal coupling is important.

Hence, the on-chip capacitor had to be a compromise with regards to various design
requirements arising from electrical and thermal effects and fabrication constraints.
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3.4 Fabrication

The outcome from the results of simulations of Q-factor and induced eddy currents was to
find a middle ground for the electrode thickness of the fabricated capacitor structures. For
the parallel plate capacitor structure, the thickness was limited to 3 um, whereas the limit for
the thickness of the interdigitated capacitor was set to 8 um. This is because of the higher
Q-factor values of the parallel plate capacitor. Therefore, the parallel plate capacitor is already
at an advantage with respect to eddy currents because of thinner electrodes.

From Figure 2.6, a required minimum Q-factor is determined from the volume ratios of
the MACS detector and outer MAS coil. Applying the requirement of a minimum signal
transfer efficiency of 90 %, the required Q-factor of the MACS resonator is calculated to be 20.
The microfabricated capacitors are required to have a footprint of less than 2 mm X 2 mm to
be compatible with the inner diameter of MAS rotors below 4 mm. The on-chip capacitors
should provide capacitance in the range between 0.6 pF to 10 pF, to tune the micro-resonator
from 50 MHz to 1 GHz for inductances of micro-coils which are typically in the range of 100 nH
to 600 nH. This frequency range covers the Larmor frequencies of most nuclei for magnetic
field strengths up to 23.5T. The requirements are summarized in Table 3.1. The capacitors
should be designed such that heat dissipated due to induced eddy currents in the metal is as
low as possible without compromising the Q-factor. The net temperature rise due to induced
eddy currents in the structure must remain lower than 20 °C at 10 kHz.

Table 3.1: Desired parameters for MACS detectors with footprint less than 2 mm X 2 mm.
Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

Parameter = Value Details
L max: 600 nH 10 < no. of turns < 25
min: 90 nH 500 pm < diameter < 1000 ym
C max: 10 pF 1 pm < plate distance < 10 ym
min: 0.3 pF 150 ym < plate width < 450 ym
0 max: No upper limit Q. > 65
HR min: 20 Qcap = 30
£ max: 1 GHz fo-003-f, < f, < f, +0.03-f,
? min: 70 MHz

3.4.1 Interdigitated capacitors

The on-chip capacitors were produced by a combination of MEMS fabrication techniques
such as lithography, electroplating, etching, and dicing.

For interdigitated capacitors, a straightforward process flow was designed starting with the
evaporation of a seed layer of Cr/Au of thickness 10 nm and 50 nm, respectively on a 500 pm
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1) Evaporate Cr/Au seed layer on a Pyrex wafer

7) Grinding and polishing step to planarize
the dielectric and pads

2) Pattern the form for first electroplating
step

3) Electroplating for bottom plate
8) Evaporate second layer of seed

layer and pattern the mold for the
third electroplating step

4) Pattern the mold for second electroplating

step
9) Electroplating for top plate
5) Electroplate connecting pads
6) Strip the unwanted seed layer and 10) Strip the mold and the unwanted seed
spin coat dielectric layer layer to obtain parallel plate capacitor
Pyrex substrate . Chromium Gold SU-8 3025

Figure 3.6: Description of the process flow to fabricate the parallel plate capacitor.

thick pyrex wafer (BF33® from SCHOTT glass Malaysia). Subsequently, an electroplating
resist mold®” (SU-8 3025 from micro resist technology GmbH, Berlin) was spin coated (PRIMUS
STT 15, ATMvision AG) and patterned using a mask aligner (EVG®620, EV Group) with an
exposure dose of 400 mJ/cm?, followed by gold electroplating®” of the interdigitated electrodes
and contact pads up to the required thickness of 8 pm. The electroplating mold was stripped
in O,-plasma environment®’ and the seed layer was etched away to obtain the required
capacitors on the substrate.
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Variation of chuck force during grinding with SiC grinding paper
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Figure 3.7: Experimental plan for grinding the SU-8 dielectric layer using various grades of
grinding paper at different rotation speeds

3.4.2 Parallel plate capacitors

The fabrication process flow for a parallel plate capacitor was more complex as compared
to the interdigitated capacitor. It followed a three-step electroplating process as described
in Figure 3.6, one for the bottom plate, another step to raise the contact pads, and a final
electroplating step for the top plate.

Similar to fabrication of interdigitated capacitors, a seed layer of Cr/Au of thickness 10 nm
and 50 nm was evaporated on a dehydrated 500 um thick pyrex substrate. The bottom plate
of the capacitor having a thickness of 3 um was fabricated by combination of spin coating,
patterning a 20 um electroplating mold from SU-8 302547 as shown in Figure 3.8a and sub-
sequent gold electroplating”t’ as shown in Figure 3.8b. The electroplating mold was then
stripped®” in O,-plasma environment using an RF power of 1200 W and a chamber pressure
of 450 mTorr (R*T STP from Muegge GmbH) as shown in Figure 3.8c. The substrate was then
rinsed in standard Acetone, Isopropanol and DI water in that order for 10 min each®’.

Following dehydration baking at 150 °C on a hot plate for 5min and a 10 W O;-plasma
activation (Etchlab 200 from Sentech instruments GmbH), a 20 pm second electroplating
mold?’ for the pads from SU-8 3025 was patterned as shown in Figure 3.8d. Subsequently,
the thickness of the contact pads was raised by 3 um to 10 pm as shown in Figure 3.8e by a
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Ts00pm 500 pm
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Figure 3.8: Images showing the substrate under various stages during the fabrication of
parallel plate capacitor. a) SU-8 electroplating mold; b) Bottom plate electroplated;
c) Electroplating mold stripped; d) SU-8 electroplating mold for contact pads; e)
Contact pads electroplated; f) Unwanted seed layer etched; g) SU-8 dielectric
dispensed; h) Grinding and polishing step; i) Top plate electroplating and second
seed layer stripped.

second electroplating step. This also defines the distance between the plates. Following the
electroplating step, electroplating mold was then stripped®’ in 1200 W O,-plasma environment
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as done earlier and the unwanted seed layer was stripped away by wet etching using metal
etchants (Au 200 gold etchant and Cr-200 chromium etchant from Microchemicals GmbH) as
shown in Figure 3.8f. The substrate was rinsed afterwards in standard Acetone, Isopropanol
(IPA) and DI water in the order for 10 min®’ each and dehydration baked at 150 °C on a hot
plate for 2 min.

Then, the substrate was treated with 10 W O,-plasma and a 20 pm thick SU-8 3025 resist®’
was patterned as shown in Figure 3.8g. This SU-8 layer serves as dielectric for the capacitor.
The dielectric layer was subsequently ground to level of the contact pads with the help of a
grinding process as shown in the Figure 3.8h. Grinding process is used in the semiconductor
industry for planarizing the substrate after the deposition of multiple layers. The grinding
step was accomplished with the help of silicon carbide grinding papers (Struers GmbH) with
different grades such as P1200, P2400 and P4000 corresponding to grit sizes of 15 pm, 7 pm
and 2.5 um respectively. A design of experiment (DOE) study was conducted to optimize the
grinding process and the experimental plan is described in Figure 3.7.

Following the planarization step, the surface of the dielectric is on the same level as that of
the contact pads. The substrate is then treated with 10 W O;-plasma for a period of 15 min.
Subsequently, a gold seed layer of thickness 200 nm was evaporated on the substrate and after
the dehydration baking step, a 20 um thick third electroplating mold®’ from SU-8 3025 was
spin coated and patterned on the seed layer following which the top plate of the capacitor
was defined by electroplating®’ upto a thickness of 3 um. The electroplating mold was
subsequently stripped®’ in 1200 W O,-plasma and the seed layer etched by wet etching to
obtain parallel plate capacitors as shown in Figure 3.8i.

—
'500pum

Contact g

(a) (b)

Figure 3.9: a) Fabricated interdigitated capacitor with nine fingers; b) Fabricated parallel plate
capacitor with a dielectric thickness of 10 um. The extended pads in the fabricated
capacitors were used for electrical characterization using an RF probe having
a 500 pm pitch. Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

The fabricated devices are shown in Figure 3.9 with an interdigitated capacitor having

nine electrodes shown in Figure 3.9a and a parallel plate capacitor shown in Figure 3.9b
respectively.
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3.4.3 Failure mode effects and Analysis

An FMEA (Failure mode effects and Analysis) study is a rigorous process of estimating process
complications and focused on improving the performance and reliability of devices.

To this end, a FMEA study was performed to understand the complications during fabri-
cation steps and improve the reliability of fabricated on-chip capacitors. At the outset, the
surface analysis of the substrate after stripping the electroplating mold using a microscope
revealed the presence of SU-8 residues on the seed layer (evaporated gold). This hindered
the wet etching of the unwanted seed layer on the substrate after electroplating. Therefore,
a 1 um layer of anti-reflection coating layer (BarLi)*” was spin coated on top of the seed layer
and treated before the application of SU-8 electroplating mold. This alleviated the issues of
short contact between the electroplated pads due to the presence of stray seed layer on the
substrate.

Figure 3.10: Removal of a) the contact pads; and b) dielectric (SU-8) layer during grinding and
polishing process.

A design of experiments (DOE) study described in Figure 3.7 was vital in finding the
optimum parameters along with the SiC grinding papers for planarizing the dielectric. A
combination of excessive force, lower plate rotation speed and/or prolonged grinding times
resulted in removal of the electroplated pads and the dielectric layer as shown in the Fig-
ure 3.10. This would result in the final surface being uneven and making it unsuitable for the
fabrication of parallel plate capacitor, thus rendering the processed substrate unusable for
further processing.

Another issue that occurred during the fabrication process was that the top plate of the
capacitor along with the contact pads started to peel off during the wirebonding process as
shown in the Figure 3.11. The delamination of the electroplated pads suggested poor adhesion
of the seed layer for the third electroplating step which was due to impurities on the polished
substrate. To overcome this issue, prolonged treatment of the polished substrate in O,-plasma
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Figure 3.11: Delamination of contact pads during wirebonding,.

at 10 W of power ( Etchlab 200 from Sentech instruments GmbH) was undertaken. The time
duration of the O;-plasma treatment was increased from 5 min to 20 min following which
the seed layer was evaporated followed by the electroplating process. Under the condition
of increased O;-plasma treatment, contact pads were not affected by the forces during the
wirebonding and successful wirebonds were formed.

3.5 Characterization

The fabricated on-chip capacitors were evaluated for their electrical characteristics as well as
for their behaviour under fast spinning conditions in a static magnetic field. The performance
characterization was done to verify the observations from simulation studies and to select a
suitable capacitor for the MACS detectors.

3.5.1 Electrical characterization

The micro-resonator reported for MACS experiments in this work has an on-chip capacitor
as compared to commercial discrete elements used in early approaches [10, 149, 150]. The
former, however, has a lower quality factor (5 to 40) compared to the latter (10 000) [166] due
to the intrinsic losses associated with non-ideal dielectric materials.

The electrical characterization of the microfabricated capacitors was performed on an
impedance analyzer (Agilent E4991A) connected to a probe station (Cascade Microtech
MPS150) set up with a Z-probe (Z0-20-K3N-GS-500, Cascade Microtech GmbH). Open circuit,
closed circuit, and 50 Q calibration of the Z-probe was carried out prior to measurements
using an impedance standard substrate.

Following the calibration of the probe to 50 Q, the frequency dependent capacitance and
phase angle of the interdigitated and the parallel plate capacitors on the wafer were measured.
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From Figure 3.12a, it was observed that the 8 pm thick electroplated interdigitated capacitor
with nine electrodes yielded a measured capacitance of 1.25 pF with the self-resonant fre-
quency of the device at around 1.3 GHz. On the other hand, a capacitance of around 3.8 pF was
obtained from the parallel plate capacitor with plate thickness of 3 um, plate width of 150 pm
and plate distance of 3.5 pym with the self-resonant frequency measured at 1.9 GHz as shown
in Figure 3.12b.

The capacitance provided by the parallel plate capacitor was verified analytically with
Equation 3.7.
_€-A
=
where € = €€, is the dielectric permittivity, A is the area of a capacitor plate, and d, is the
distance between the plates.
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Figure 3.12: Frequency dependent measured capacitances of the a) nine finger interdigitated
capacitor and the b) parallel plate capacitor with a dielectric thickness of 3.5 um.
Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

The reported dielectric constant value for SU-8 at 1 GHz of 3.24 [170], was used to calculate
the analytical value of capacitance offered by the parallel plate capacitor which came to 3.71 pF
from Equation 3.7. This value agrees closely with the measured capacitance of 3.8 pF. The
capacitance offered by the plate capacitor can be further increased to a maximum of 13 pF by
decreasing the distance between the plates down to 1 um and the other way around, increasing
the plate distance to 10 pm results in the capacitance to be around 1.2 pF. An alternative
method to increase or decrease the capacitance would be to have a dielectric material with a
higher or lower dielectric constant than SU-8 respectively.

Another important characteristic of the capacitors is their quality factor. The quality factor
of the capacitors was assessed from the measured phase angle values shown in Figure 3.13
and were obtained from the respective phase angle values using Equation 3.1. At 500 MHz,
from Figure 3.13a and Figure 3.13b, it was evaluated that the measured phase angle of the
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interdigitated capacitor and the parallel plate capacitor was 86.5° and 87.9°, respectively. The
corresponding Q-factor of the capacitors were computed to be 16.3 and 27.5, respectively, as
shown in Figure 3.14. These Q-factor values are in accordance with RF simulation studies
shown in Figure 3.2 on the respective capacitors. The juxtaposition of the Q-factor and
the self resonant frequency values of the two respective capacitor shows that the parallel
plate capacitor has a superior electrical performance as compared to interdigitated one. This
behaviour can be explained due to the reason that in the case of parallel plate capacitor,
most of its electric field is confined inside the interplate dielectric, whereas the field of the
interdigitated capacitor diverges out and penetrates the bulk of the encapsulation material
which is lossy.
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Figure 3.13: Frequency dependent measured phase angle of the a) interdigitated capacitor
and b) parallel plate capacitor. A phase angle of 86.5° and 87.9° was recorded for
the interdigitated and the parallel plate capacitor, respectively. Adapted from
Adhikari et al. [46] Copyright 2018 ©Wiley.

3.5.2 Thermal characterization

Sample heating is valid problem during MACS experiments because it results in the deteriora-
tion of spectral resolution and the degradation of certain biological samples. In the case of
MACS experiments, the dissipated heat from induced eddy currents in capacitor electrodes
causes a rise in the temperature of the sample contained in the MACS insert. Hence, it is
necessary to perform in-situ characterization of the sample temperature inside the insert
under conditions of spinning at the magic angle in a magnetic field.

The sample temperature inside the MACS insert can be measured at various spinning speeds
using the principle of chemical shift thermometry. One of the methods in chemical shift
thermometry employs ethylene glycol as a reference sample [172]. The frequency difference
between the —OH and —CH, peaks in ethylene glycol is a linear function of temperature.
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Q factor
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Figure 3.14: The quality factor of the a) interdigitated capacitor and b) parallel plate capacitor
computed from phase angle values using Equation 3.1. Q-factor values of 16.3
and 27.5 were observed for the interdigitated and the parallel plate capacitor,
respectively. Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

The increase in sample temperature during the MACS experiments can be correlated with
spinning speeds by obtaining the NMR spectrum of ethylene glycol at the respective spinning
speeds. One of the important features of chemical shift thermometry using ethylene glycol is
that the difference between the chemical shifts of —-OH and —CH, groups is not affected by
small amounts of drift in the magnetic field strength.

Initially, the chemical shift difference (Ad.) between —OH and —CH, was calibrated to
assigned temperatures as shown in Figure 3.16. The Ad, at 17 °C is about 1.73 ppm. To perform
the calibration, 99 % ethylene glycol was dispensed into a 5 mm tube and the condition inside
the tube was set using a temperature control unit. The chemical shift difference between
the —OH and —CH, peaks was subsequently noted down at stipulated temperatures. It was
confirmed that the temperature and chemical shift are in close correlation with the calibration
Equation 3.8 reported in [172]

T[K] = 466.5 — 102 - A8, (3.8)

With this method, the thermal reading inside a region of interest can be established with an
accuracy of +1°C [172]. Upon the conclusion of the calibration experiments, the temperature
inside the active volume of a MACS detector was determined. This was carried out by
dispensing 150 nl of 99 % ethylene glycol inside the MACS detector following which the
detector was fit snugly inside the MAS rotor. Thermally conductive Shapal-M ceramic
spacers [10, 130, 152] were used for effective dissipation of heat away from the sample region.
Additionally, the spacers aided in centering the MACS insert inside the rotor. Subsequently,
the rotor was placed inside the MAS probe and the spinning speed was varied from 2.5 kHz
to 9.5 kHz during which the 'H chemical shift was recorded. The NMR signal was acquired
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Figure 3.15: a) The chemical shift difference between the -OH and —CH, peaks in ethylene
glycol at 290K or 17 °C; b) The chemical shift difference between the -OH and
—CH, peaks measured for various temperatures. Adapted from Adhikari et al. [46]
Copyright 2018 ©Wiley.

using the MAS probe coil, since the dummy MACS chip comprised of only the on-chip capacitor
sans the micro-coil. The BCU (Bruker cooling unit) temperature unit of the spectrometer was
set to 288 K for all experiments. It could be observed from Figure 3.16 that thicker electrodes
lead to more heat dissipation. Hence, using the parallel plate capacitors, there was less
dissipation leading to lower sample temperatures. The observed temperature increase in
Figure 3.16 also captures the heating due to the friction between the rotor and air while
spinning. However, in the MACS arrangement this contribution to the overall heating is
negligible because the sample is far away from the sidewalls of the rotor where the heat due
to drag is being generated.

3.6 Discussion

As a result of the limitations imposed by the use of soldered discrete capacitors in MACS
experiments, on-chip microstructured capacitors were proposed. The solution of on-chip
capacitors offers the benefit of customization whereby the required geometry and the capac-
itance values can be achieved. Moreover, the capacitors can be structured in symmetrical
fashion which leads to an exact and mechanically balanced MACS device. However, the low
quality factor of these on-chip passives were a significant disadvantage when using them as
a part of MACS resonator because of detrimental effects towards signal transfer. Therefore,
the goal of this chapter was to develop designs for capacitors on-chip that would possess
minimum required quality factors as well as satisfy other requirements to function under the
constraints of MAS.
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Figure 3.16: Measurements with ethylene glycol for analyzing the temperature increase due to
the induced eddy currents in a) an interdigitated capacitor with a metal thickness
of 8 pm and b) parallel plate capacitor of plate thickness 3 pm. Each graph is shown
with best-fit curves (solid red lines) to a square dependence of the temperature
with spinning speed. Adapted from Adhikari et al. [46] Copyright 2018 ©Wiley.

Two variants of microstructured on-chip capacitors were considered, namely the interdigi-
tated and parallel plate capacitors. Although the fabrication process for the former variant
is straightforward, the obtained quality factor values were quite poor(< 20). On the other
hand, the complexity in fabrication steps for the latter was a good trade-off for higher quality
factors, with a Q-factor enhancement of ~1.5 as compared to the former variant. Furthermore,
wafer level distribution of capacitor characteristics of the parallel plate variant showed better
consistency as compared to the interdigitated design. This was attributed to the process
variations in electroplating, where the interdigitated structures were affected by fluctuations
in electroplating thickness as compared to the parallel plate counterparts. This is because the
capacitance of the plate capacitors are affected by the thickness of the dielectric rather than
the thickness of the plates. The capacitor characteristics are summarized in Table 3.2 and are
also compared with discrete commercial capacitors (Temex ceramics and Knowles). It can
be observed from Table 3.2 that commercial capacitors have quite large footprints, thereby
constraining their compatibility with MAS systems smaller than 3.2 mm. Although, no data
was available on the heating due to induced eddy currents from these discrete elements, the
connection to the ends of a micro-coil is done using solder joints with thicknesses of hundreds
of pm which leads to increased heating effects due to induced eddy currents. Although, the
amount of solder can be minimized by spot welding technique [99, 152], this is still responsi-
ble for significant sample heating. Therefore, in spite of the very high Q-factors offered by
commercial capacitors, all these drawbacks does not make them viable for MACS resonators.

56



3.6 Discussion

It has been observed that in the case of on-chip capacitors, the extent of induced eddy
currents can be greatly restricted by limiting the thickness of the metal electrodes. However,
reducing the thickness of the metal structures would lead to a decrease in the Q factor.
Nonetheless, it was illustrated in Figure 3.14b that in the case of parallel plate capacitor, the
proportion of decrease in the Q factor due to reduced plate thickness was not critical to
drastically affect the overall electrical performance of the MACS system. On the contrary,
for the interdigitated capacitor, the depreciation in Q factor with reduction in thickness is
significant to deteriorate the NMR signal transfer. Moreover, from the Table 3.2, it can be
observed that the parallel plate capacitor offers higher capacitance density for a specified
footprint as compared to the interdigitated capacitor. The interdigitated capacitor is also
limited by the capacitance density offered within a specified footprint due to limitations
imposed on thickness of electrodes by induced eddy currents. Alternatively, capacitance
density could be increased by replacing SU-8 with high-k dielectrics such as Al;Os, AIN,
Ta;0s5 and HfO, [173] as the dielectric layer. Thin films (100s of nm) of these dielectrics can
be grown on top of metal electrodes using techniques such as atomic layer deposition (ALD)
or chemical vapour deposition (CVD) [173-175]. However, these dielectrics exhibit lower
breakdown voltages as compared to the SU-8 dielectric which would affect the reliability of
the MACS devices. Therefore, these high-k dielectrics were not considered as an option to be
used as a dielectric for the fabrication of on-chip capacitors.

Consequently, it can be summarized that parallel plate design compared favourably as
compared to the interdigitated one to be integrated in a MACS device. The metrics of Q factor
and induced eddy currents showed that former offers adequate performance characteristics
needed for MACS application. Additionally, this design also provides flexibility with respect
to capacitance values by means of modifying the interplate distance to correspond to different
footprints, thus allowing for scaling down MACS devices that could be spun at higher speeds.

Table 3.2: Table of capacitor characteristics. Adapted from Adhikari et al. [46] Copyright
2018 ©Wiley.

Capacitor type  Capacitance Q- Eddy Footprint
range (pF)  factor current (mm?)
heating (°C)
Discrete  [166, 0.1-6.8x10° 10000 No Data 1.8%1.0x0.8
176]
Interdigitated 0.4-3.8 16 5 1.8X1.8%x0.008
Parallel plate 1-13 27.5 5 1.1Xx1.1x0.016
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4 Microfabricated MACS inserts

The micro-detector utilized to enhance sensitivity of MAS experiments has two main com-
ponents, viz., the on-chip capacitor and the inductor. The various attributes of the former
were comprehensively discussed and evaluated in the previous chapter. The integration of
the inductive component with the on-chip capacitor and the consolidation of various aspects
of this micro-resonator as an insert which can be seamlessly incorporated in the MAS rotor is
the focus of this chapter.

The rotating micro-coil experiments were carried out using 50 pm to 80 pm thick copper
wires [10] which were manually wound around a quartz capillaries which acted as sample
holders. The piggy-back MAS experiments were also conducted with 50 pm copper wires
manually wound around a vespel holder. The handwound micro-coils were typically 1 mm
long solenoids having diameters from 400 pm to 750 um. However, as we have discussed in the
previous chapter, the adoption of 50 pm to 80 um thick copper wires will lead to higher heat
generation due to induced eddy currents in the rotating micro-coil. While numerous MACS
papers further down the line report on micro-coils built with 30 pm diameter wire [150, 151],
hand-winding such delicate structures, and soldering or spot welding [99, 152] their fine wire
ends to a discrete capacitor is a labouring and cumbersome process. This represents a major
bottleneck towards obtaining a large number of such detectors in a robust manner and with
reproducible performance. Additionally, aluminum nitride (Shapal-M) inserts were used to
aid in heat dissipation away from the sample region due to eddy currents generated as a result
of coil spinning.

Another issue in the design of MACS inserts is related to the mechanical balancing of
the devices, a crucial aspect needed for fast spinning. Manual fabrication of the coil, and
subsequent manual integration of a discrete capacitor, represents a built-in limitation due to
lack of achievable precision.

Wirebonding [157] is an innovative technique for micro-coil fabrication and Badilita et
al. [11] reported this method for MACS coils. The use of an automatic coil winder has
facilitated a robust integration of thin, 25 um diameter wires. Additionally, microfabrication
of the devices is advantageous to other methods by ensuring a mechanically balanced device
due to precise alignment offered by accuracies associated with photolithography technique
employed for fabrication of the on-chip capacitor and sample holder. However the length of
the micro-coil was only around 300 um to 500 pm. Moreover, the fabricated detectors were
quite delicate and required scrupulous handling during sample filling and NMR measurements.

Therefore, the goal is to fabricate micro-coils with coil lengths in the range of 1 mm to
1.5 mm, to push the envelope with respect to the coil lengths achieved with microfabrication
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in combination with wirebonding. Additionally, the objective was also to obtain detectors that
are reproducible, robust and easy to handle so as to seamlessly facilitate NMR measurements.

In this chapter, the simulation of various characteristics of the MACS inserts along with
their fabrication are described comprehensively. Electrical as well as NMR characterization
followed by a discussion and analysis of the results completes the chapter.

The analysis of the results along with fabrication and characterization of the inserts de-
scribed in this chapter have been reported as a research article in Analyst (Royal Society of
Chemistry) journal [SA2].

4.1 Simulations

The simulation studies were performed to evaluate the maximum sensitivity enhancement
that could be achieved with the help of MACS inserts and also to compare the enhancement
from the two capacitor variants. The distortion in the By field arising from various material
susceptibilities in the MACS chip was also evaluated.

4.1.1 B field simulation

Simulation of expected B; field enhancement from the MACS resonator for a 4 mm MAS
system was executed in COMSOL Multiphysics®. The simulation was performed with the RF
module of the software employing the physics of electromagnetic waves in the frequency
domain.

A spherical air domain having a diameter of 10 mm was defined as the simulation domain
which was sufficiently large so that the solution is not affected by the exterior boundaries. The
two variants of the micro-resonator were defined in the CAD environment of the software.
The modeled micro-coil has 24.5 turns with a length of 1 mm. The interdigitated capacitor (10
fingers) variant was modeled with a thickness of 10 um and the parallel plate capacitor was
modeled with a plate distance of 10 pm and plate thickness of 3 um. Copper was the defined
material for the micro-coil whereas gold was assigned to the capacitors. Both micro-resonators
were inductively coupled to a 8 turn coil made of copper with a diameter of 4.5 mm and a
length of 4 mm, which represents the commercial coil in the MAS probe. The ends of the
probe coil were connected to two perfectly conducting leads and a lumped port was defined
between them. A driving voltage of 1V was applied at the port through a 50 Q characteristic
impedance. The conductive surface losses in the coils and capacitors were accounted for with
the help of an impedance boundary condition.

The finite element mesh was relatively coarse for the spherical air domain and the outer
probe coil. A finer mesh (free tetrahedral) size of 4 um was assigned to the micro-coil and the
capacitors.
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Figure 4.1: Comparison of simulated B; field enhancement obtained from MACS resonators
with two capacitor types. a) By field values are taken from cut line through center
of coil perpendicular to the coil axis; b) B field values are taken along coil axis.

4.1.2 B field simulation

The variation in material susceptibilities [103, 177] is an important factor determining the
spectral lineshapes. B field distortions in the sample region caused by the proximity of the
coil material and the sample was a major hindrance to high-resolution NMR using micro-coils.
The use of susceptibility matching fluids and zero-susceptibility wires have been reported as
a means [8] to achieve high-resolution micro-coil NMR. In the case of rotating micro-coils,
the anisotropic material susceptibility effects can be averaged to zero and thus eliminated
by spinning the micro-coil ensemble at the magic angle [178]. Although, the anisotropic
susceptibility effects get averaged out in the case of MACS technique, B, field simulation
was done to study the effects of SU-8 and copper wire used in the construction of the micro-
detector.

The volume magnetic susceptibility values described in Table 4.1 implemented in the
simulation model shown in Figure 4.2a were reported by Wapler et al. [179]. The coil is
essentially modeled as a sheet of copper which is equivalent to tightly wound copper coil.

Table 4.1: Relative permeability of various materials in the MACS device [179]

Material | Relative permeability
Air 1
Copper 0.999994
Water 0.999992
SU-8 0.999985
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Figure 4.2: a) 2D illustration of the simulation model which describes the various material
interfaces in the MACS detector; b) 2D graph depicting the contours of the local
magnetic field variations arising from various magnetic susceptibilities. The static
magnetic field is defined perpendicular to the axis of the cylinders (z-direction).
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Figure 4.3: 1D graph depicting the perturbation in local magnetic field arising from vari-
ous magnetic susceptibilities along the two directions perpendicular to applied
magnetic field (x-direction and y-direction). The static magnetic field is defined

perpendicular to the axis of the cylinders (z-direction).

The distortion in the By field due to various material susceptibilities was simulated using
COMSOL Multiphysics®. The simulation was performed with the AC/DC module of the
software and magnetic fields, no currents physics being chosen as the preferred physics to

simulate the susceptibility effects.
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Figure 4.4: a) Simulation model illustrating the static magnetic field at an angle 54.7° to the
rotation axis (z-direction) of the micro-coil (innermost cylinder); b) 1D graph
depicting the perturbation of the local magnetic field arising from various mag-
netic susceptibilities along a direction transverse to the applied magnetic field
(y-direction).

A cylindrical air domain having a diameter of 7 mm and a length of 10 mm was generated
and defined as the simulation domain. The micro-detector model shown in Figure 4.2a was
defined in the CAD environment of the software inside the domain. The whole simulation
domain was assigned the magnetic flux conservation boundary condition. The exterior
boundaries were defined with magnetic flux density value of 11.7 T whereas the curved
exterior surface of the cylinder had zero magnetic flux density. Thus, a homogeneous magnetic
field was established inside the simulation domain. As described in Figure 4.2a, the innermost
region is the sample region which was assigned with water (blue). The other constituent
materials defined were SU-8 (grey) and copper (brown).

The entire micro-detector was treated as cylinder with a circular cross-section. Initially,
the static magnetic field, By, was defined perpendicular to the cylindrical axis. The goal was
to observe contours of the perturbation field as shown in Figure 4.2b which is similar to the
dipole pattern of the magnetic field perturbation described by Schenck [177] for a circular
cylinder placed transverse to the static magnetic field, By.

Subsequently, the magic angle case was simulated by positioning the micro-detector at an
angle of 54.7° to the static magnetic field, By, as shown in the Figure 4.4a. However, the coil
in this case is not rotating. The results from the simulation show that there are no adverse
susceptibility jumps or distortion in the sample region and performance is better than the case
where the sample is perpendicular to the B field. This was the main goal of the simulation
study to check for any extreme cases of distortions which would destroy the spectral quality of
the NMR measurements. Since the detector is rotating at the magic angle under experimental
conditions, majority of the line broadening due to isotropic susceptibility gets averaged out.
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Moreover, Olson et al. [94, 95] have demonstrated experimentally that even in the static case,
placing the sample at the magic angle with respect to the By field leads to improved spectral
resolution.

4.2 Fabrication

Following the fabrication of on-chip capacitors using process steps described in the previous
chapter, fabrication procedure of inductive part of the MACS devices is described in this
section. The main aspect of micromanufactured micro-coils is the automatic wirebonding
technique. The wirebonding method of obtaining micro-coils necessitated yoke or support
structures as described in [11, 110, 156, 157] on top of the capacitors. Kratt et al. [157] em-
ployed poly-methyl methacrylate (PMMA) support structures for wirebonding manufactured
using x-ray lithography. Hollow SU-8 [11, 110, 156] cylinders fabricated using regular lithog-
raphy techniques have been popular as wirebonding support structures. High aspect ratio
Polydimethyldisiloxane (PDMS) [180] pillar structures realized by UV imprinting could be an
alternative for the SU-8 based yokes. Kamberger et al. [181] developed high filling factor coils
using a water soluble poly-vinyl alcohol (PVA) support structures and PMMA encapsulation.

1) Spin coat an adhesion layer of SU-8 3025 3) Wire bond copper wires around the posts
on the parallel plate capacitor
2) Fabricate 1.3 mm high SU-8 2150 posts 4) Encapsulate the device and then dice
Pyrex substrate . Chromium Gold . Copper SU-8 2150

Figure 4.5: Description of the process flow to fabricate the micro-coil and to obtain individual
MACS detectors.

Although PMMA posts display good strength and stability, X-ray fabrication is an expensive
and tedious process. Strong ! H NMR background signal from PDMS makes it a no-go in NMR
applications. The high filling factor coil fabrication technique, although quite promising, has
a lot of issues associated with PVA and PMMA casting. PVA had significant volume shrinkage
which necessitated multiple casting steps and subsequent PMMA encapsulation resulted in
PVA getting absorbed into PMMA or vice versa. Additionally, the glass transition temperature
of PVA (85 °C), hinders the use of copper wires during wirebonding(150 °C). Moreover, the
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Figure 4.6: Experimental plan for fabrication of SU-8 pillars

entire process involved utilizing precision pins for alignment which means that it does not
provide the lithographic accuracy needed for the detectors rotating at the magic angle. On the
other hand, SU-8 based support structures employed lithographic techniques for fabrication.
However, these SU-8 cylinders had a maximum thickness/height of around 800 um, with coil
length being less than 500 pm.

There have been multiple reports on high aspect ratio (HAR) SU-8 fabrication [182, 183]
with heights of around 1 mm to 1.5 mm [184, 185] achieved with multiple coating/casting
techniques. However, the aim of this work is to achieve heights in the range of 1.25 mm to
2mm in combination with wall thickness of 50 pm to 100 um to obtain higher filling factors.
This amounts to an aspect ratio in the range of 12.5 to 40.

4.2.1 HAR SU-8 lithography

Figure 4.5 describes the process flow to obtain the final MACS detectors through the fabrication
of high aspect ratio SU-8 yokes/sample holders required for the wirebonded micro-coils
followed by packaging of the detectors in SU-8. Following the fabrication of on-chip capacitors,
the substrate is then treated with 10 W O,-plasma for a period of 5min. Then, a 5um thick
layer of SU-8 3005 is spin coated onto the substrate to improve the wetting behaviour of SU-8
2150 resist. Subsequently, around 14 ml SU-8 2150 resist is deposited onto the substrate in
two coating steps.
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Figure 4.7: Optimized post exposure bake cycle for HAR SU-8 structures [159].

In the first coating step, the substrate was heated to 80 °C on a programmable hotplate
(PR 5 SR from Detlef Gestigkeit-Elektrotechnik, Duesseldorf) whose surface is leveled. A
flat-leveled surface is critical in maintaining uniform resist thickness. Also, the adhesion layer
of SU-8 3025 resist aids in the efficient planarization of SU-8 2150 on the substrate. With the
substrate at 80 °C, 8 ml of SU-8 2150 is statically deposited with the help of a pipette. Then,
the hotplate was ramped up from 80 °C to 95°C over an interval of 15 min. The substrate
was held at 95 °C for time interval of 9 h. This soft baking step is important to remove the
solvent because a high solvent content will lead to the generation of high film stress during
post-exposure baking. Moreover, it also improves resist-substrate adhesion. At the end of
the baking step, the hotplate temperature was brought down to 80 °C at the rate of 1°C/min.
Subsequently, 6 ml of another layer of SU-8 2150 resist was cast on the prebaked resist film.
Then, similar to the previous soft bake process, the hotplate was ramped up from 80 °C to 95 °C
over an interval of 15 min and the substrate was held at 95 °C for time interval of 10 h. After
the soft bake process, the substrate temperature was brought down to room temperature at
the rate of 1°C/min. Since minimum diffusion of solvent takes place from the new layer into
the prebaked layer [183], the net solvent content is reduced after 14 h of softbaking time and
hence the softbaked film is less susceptible to internal stress during further processing.

Next step was the pattern transfer onto the resist film by masked irradiation using a UV
lamp at a wavelength of 365 nm with the help of an i-line filter. A soft contact was established
between the mask and the resist during exposure to avoid air gaps which results in T-shaped
SU-8 pillars with negatively sloped sidewall angles instead of vertical walls [186]. An estimated
UV exposure dose was obtained from literature [184, 185] and subsequently a detailed design
of experiment (DOE) study was conducted as shown in Figure 4.6 to obtain the exact exposure
dose of about 5.2 J/cm?. The 5.2]/cm? exposure dose was achieved through multiple exposure
steps which was necessitated due to long exposure time needed for the dose. The multiple
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exposure technique also helps to prevent overheating the surface of the film from continuous
exposure as well as improved absorption rate of the UV light. Therefore, the overall exposure
dose was divided into small exposure times of 37 s each with an exposure gap of 10s.
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Figure 4.8: Images showing the substrate under various stages during the fabrication of micro-
detector. a) SU-8 support structures fabricated using HAR SU-8 lithography; b)
Wirebonded micro-coils which form an LC resonator with the on-chip capacitor;
c) Substrate encapsulated to improve the physical handling of the detectors.

Following the exposure step, the substrate was placed on the flat-levelled hotplate for
the post exposure baking step (PEB). The PEB process for 1.3 mm thick SU-8 structures was
optimized in this work [159] and similar heating and cooling cycles shown in Figure 4.7
were programmed on the hotplate. The optimized post-exposure baking conditions were
critical [185] in reduction of residual stress in the 1.3 mm thick film which would otherwise
result in debonding of the SU-8 structures from the substrate. Hence the substrate cooling
after the PEB was over 10 h.
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The SU-8 structures after the post exposure bake was subjected to development using
PGMEA (Propylene glycol methyl ether acetate) solution (Microchemicals GmbH, Ulm) for a
period of 2h. Ultrasonic agitation (SONOREX SUPER 10P, BANDELIN electronic GmbH & Co.
KG) was additionally used to effectively develop the non-crosslinked regions inside the pillars
until the substrate. The ultrasonic waves in the kilohertz frequency range causes additional
pressure at the surface of the resist and speeds up diffusion of developer molecules into the
resist. A 30% power was found to be optimal for the development of HAR SU-8 structures.
The substrate was subsequently rinsed in isopropanol (IPA) for 1 h. An additional hard bake
step at 150 °C after rinsing was observed to be beneficial in improving the adhesion of the
SU-8 pillars on the substrate. The fabricated SU-8 pillars with an O.D/I.D of 850 pm/700 um
are shown in Figure 4.8a.

4.2.2 Wirebonded micro-coils

As already mentioned in the previous sections, the inductive part of the MACS detector,
i.e. the p-Solenoids were manufactured through the wirebonder-assisted coil fabrication
technique [11, 110, 156]. The bondhead from the automatic ball-wedge wirebonder (ESEC WB
3100®, Oerlikon AG Switzerland) equipped with a ceramic bottleneck capillary (SU-35100-
5100F, SPT) and an insulated copper wire of diameter (thickness) 25 pm and 50 pm (X-wire™
Microbonds Inc.) is programmed to follow a trajectory according to an in-house developed
MATLAB®code A13. The wirebonding process starts with free air ball (FAB) generation set
by the electrical flame-off (EFO) parameters. Since the copper wire after the ball formation
is susceptible to oxidation, it is protected by a constant stream of pure nitrogen gas at a
rate of 251/min. After the FAB generation a ball bond is formed on the contact pads by
optimizing ultrasonic power (US) power, impact force (IF) and temperature. Meanwhile after
the formation of the ball bond, the MATLAB®code becomes active until the formation of the
wedge-bond. The wedge-bond is formed also by optimizing ultrasonic power (US) power,
bond force (BF) and temperature. The initial and final coordinates of the coil trajectory have
to coincide with the coordinates at the end of the ball-bond and at the beginning of the wedge-
bond respectively. The optimized bond parameters used for the micro-coil fabrication for
a 25 pm thick copper wire is described in A15. One batch of fabricated wirebonded micro-coils
is shown in Figure 4.8b.

4.2.3 Back end processing

Following the fabrication of micro-coil on top of the on-chip capacitor, the substrate contain-
ing the detectors is encapsulated in SU-8 2150. The encapsulation is important to provide
protection to fragile bond connections of the micro-coil and also to enable easy handling of
the MACS detectors during NMR spectroscopy. Another important role of the encapsulation
is to push the air interface far away from the sample. Therefore, SU-8 2150 was itself chosen
to provide continuous material susceptibility.
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Figure 4.9: a) Perfectly encapsulated MACS detector on a substrate; b) Left: MACS detector
separated from the substrate with the help of a semi-automatic dicing saw. Right
Cut section of the MACS device showing the various components of the MACS
detector. Adapted with permission from [148] Copyright 2019 ©Royal Society of
Chemistry.

The encapsulation process was similar to HAR SU-8 fabrication done in Section 4.2.1.
However, in this case the dispensing of SU-8 was accomplished in a single step. The dispensing
of SU-8 was done carefully so as not to destroy the coils as well as to avoid SU-8 inside the
pillars. A typical substrate after the PEB step is shown in Figure 4.8c. An individual detector
after the resist development is shown in Figure 4.9a. The vital things to take care was to
avoid air bubbles inside the encapsulated detector and to ensure the absence of SU-8 inside
the sample region.

Following the encapsulation step, the detectors were separated with the help of a semi-
automatic dicing saw (Disco DAD 320) with equipped with a diamond coated dicing blade of
thickness 200 um. The dicing process was accomplished in multiple steps of 500 um each to
obtain detectors shown in Figure 4.9b. The final footprint of each detector was 2 mm X 2 mm.

4.2.4 FMEA

An FMEA study was done to recognize the obstacles during the fabrication of SU-8 pillars
and wirebonding process as well as to improve the reproducibility of the process steps, thus
enhancing the yield of the MACS detectors.

One of the critical aspects during the fabrication of the MACS detectors was the reliability
of the wirebonding process. Ball and wedge bond formation was greatly affected by the
cleanliness of the pads. The presence of SU-8 residues on the contact pads as shown in the
Figure 4.10 hindered fabrication of coils on the on-chip capacitors. Additionally, if ball bond
and wedge bond formation were even remotely possible on these contact pads, the imperfect
bonds would lead to an increased resistance of the entire device which would then result
in decreased Q factors. Moreover, the presence of SU-8 residues is also detrimental to the
bondhead capillaries reducing their operational life.
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Figure 4.10: SU-8 residues on contact pads left over after the HAR SU-8 lithography process
hinders the fabrication of micro-coil using wirebonding. The cleanliness of the
contact pads is critical to the formation of stable ball and wedge bonds during
the wirebonding process.

The proposed solution to the issue of SU-8 residues on the contact pads as shown in
Figure 4.11 was to introduce a sacrificial layer between the contact pads and SU-8. Experiments
were then conducted to determine the minimum required thickness of the proposed sacrificial
layer. AZ positive tone resists were chosen as the prospective sacrificial layer because they
were easy to process and straightforward to strip either using acetone or a concentrated
developer solution. Different series of AZ resists are also available which offer resist thickness
in the order of 0.5 pm to 3 um (AZ® 1500 series) [187], 3 um to 30 um [188] (AZ®4500 series)
and up to 15 pum to 100 pm [189] (AZ®40XT).

The tests were initially carried out with AZ® 1505 resist which was spin coated at 3000 rpm
and resultant thickness of the sacrificial layer after further patterning and processing the
resist was around 0.7 um. SU-8 pillars were then fabricated on the substrate with the AZ®
1505 layer on top of the contact pads. However, after development of bulk SU-8, residues
were still observed on the contact pads.

Since the SU-8 residues persisted with a sacrificial AZ® 1505 resist, tests were then continued
with the aim of coating a thicker sacrificial layer. The experiments were carried out using AZ®
4533 positive tone resists. The experimental plan for these tests with AZ® 4533 is described
in Figure 4.12. By varying the rotation speed of the chuck, the coated resist thickness of the
AZ® 4533 resist was controlled. The cleanliness of the contact pads started to improve as the
sacrificial coating got thicker and at a thickness of 5 pm, the contact pads were consistently
observed to be free from residues after stripping the sacrificial coating followed by O, plasma
treatment for 5 min. Thus, employing a 5 pm thick sacrificial layer between the SU-8 and the
pads resulted in improved yield in the wirebonding process. Figure 4.13a shows the residue
free contact pads after the HAR SU-8 process and Figure 4.13b shows the successful coils
fabricated on the top of these ’clean’ pads.
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Figure 4.11: Proposal to iron out the obstacle of SU-8 residues on the contact pads. The
solution was to avoid the SU-8 coming in direct contact with the contact pads.
This was achieved with the help of an AZ sacrificial layer between the contact
pads and SU-8 resist.

Another issue that arose during the fabrication process was the hydrophobicity of the
SU-8 2150 resist on the surface of the pyrex substrate. This hindered the uniform coating of
the thick resist throughout the surface of the resist, especially along the borders. Therefore,
to circumvent this adversity, a thin layer (5 um) of SU-8 3005 resist was spin coated on the
substrate to improve the wetting behaviour of the SU-8 2150 resist. As a result, with static
dispensing of SU-8 2150, it was straightforward to uniformly coat and planarize the resist on
the wafer.

The DOE process described in Figure 4.6 was essential to optimize the UV exposure pa-
rameters for the thick resist because a lower exposure dose resulted in weak adhesion of the
SU-8 pillars on the substrate. On the contrary, a higher exposure dose lead to the partial
cross-linking of resist in the sample region (inside the cylinder), thereby causing the developer
solution ineffective. Ultrasonic agitation during development was also crucial in avoiding
partially closed SU-8 cylinders.

Numerous pitfalls were also experienced during the encapsulation process of the devices.
Again, the hydrophobic behaviour of SU-8 2150 was a cause of major hindrance. However,
instead of spin coating, which would damage the wirebonds, a thin layer of SU-8 3005 was
statically dispensed throughout the substrate. The substrate was then baked for 2h at 80°C
to reduce the solvent content and then was followed by static dispensing of SU-8 2150 to
fully encapsulate the devices. One common issue that was observed and then subsequently
avoided was thick SU-8 getting unintentionally dispensed inside the sample region as shown
in the Figure 4.14a. The issue was also solved by minor modification to the photo-mask.
The second issue faced during dispensing was the trapped bubbles inside the encapsulated
devices as shown in the Figure 4.14b. This is detrimental to the spectral resolution during
NMR experiments.
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Figure 4.12: Experimental plan to optimize the thickness of the sacrificial layer
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Figure 4.13: a) Contact pad devoid of SU-8 residues after the HAR SU-8 lithography process
due to the application of AZ 4533 resist layer on the contact pads; b) Successful
and efficient wirebonding process on contact pads without residues.

Figure 4.15 shows an additional complication that arose after the encapsulation process.
The warping of substrate shown in Figure 4.15 was due to internal stress from dispensed
resist during encapsulation process. This was a critical hurdle for the subsequent substrate
dicing process. The substrate warping was subsequently fixed by ensuring complete coverage
of SU-8 2150 on the substrate and performing the post exposure bake of the encapsulated
resist at 80 °C and the subsequent substrate cooling over a prolonged period of 8 h.
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Figure 4.14: a) Sample region blocked by SU-8; b) Trapped air bubbles inside the encapsulated
detector.
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Figure 4.15: Warping of substrates due to internal stress during encapsulation process. This
hinders the substrate dicing process.

4.3 Characterization

A combination of on-chip capacitor and wirebonded micro-coil form the MACS detector. The
characterization of individual on-chip capacitors was described in the previous chapter. In this
chapter, the characterization of individual micro-coil as well the complete characterization of
the MACS detectors is explained in detail.

To characterize the operational capability of a MACS sensor, performance indices were
established. The performance index of the MACS detector can be associated with its quality
factor, resonant frequency and the NMR spectral linewidth obtained using it. The behaviour
of the detector was assessed from the measured value of these indices. The scheme of
implementation to determine the sensor performance has been described in this section.

4.3.1 Electrical and thermal characterization

Initially, the micro-coils were characterized separately like the on-chip capacitors. The
performance of the micro-coil (inductor) was defined by its quality factor, self-resonant
frequency and eddy current heating, analogous to the on-chip capacitors. The micro-coils
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Figure 4.16: a) Frequency response of a micro-coil fabricated from a 25pum thick copper
wire having a diameter of 2.55 mm, 5.5 number of turns and a length of 0.8 mm.
The inductance and the self-resonant frequency (SRF) were measured to be
about 120 nH and 921 MHz respectively; b) Measured Q factor of the micro-coil.
The maximum Q is around 50.
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Figure 4.17: a) Q factor of the MACS devices fabricated with 50 um and 25 pm insulated
copper wire; b) Temperature rise in the sample region of the MACS detectors
with 50 pm and 25 pm insulated copper wire. The maximum value of the resonator
Q factor moderately increases (from 22 to 32), however the temperature rise is
significant when using thicker wire (50 um) compared to thinner wire (25 pm).
The coil diameter was 850 pm with 13.5 number of turns. Adapted with permission
from [148] Copyright 2019 ©Royal Society of Chemistry.

reported by Kratt et al. [156] had an average quality factor of around 50 with their self-
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resonant frequency around 2.6 GHz and were fabricated from 25 pm thick insulated gold wire.
The micro-coil part of the micro-resonator fabricated in this work were made from 25 pm
and 50 um thick insulated copper wire (X-wire™ Microbonds Inc.). The thickness of the
insulation is = 75 nm.

Similar to the characterization of the capacitors, the wirebonded micro-coils were charac-
terized using an impedance analyzer (Agilent E4991A) connected to a probe station (Cascade
Microtech MPS150) set up with a Z-probe (Z0-20-K3N-GS-500 from Cascade Microtech
GmbH). Open circuit, closed circuit, and 50 Q calibration of the Z-probe was carried out prior
to measurements using an impedance standard substrate.

Following the calibration of the probe to 50 Q, the frequency dependent inductance and
Q factor of the micro-coils on the wafer were measured using an impedance analyzer. The
inductance and self-resonant frequencies (SRF) of various micro-coils fabricated from 25 pm
thick copper wire having three different diameters of 550 pm, 850 pum, and 2.55 mm respectively
with different number of turns were measured. The results from the calibration are described
in detail in Section A8. Five coils of each type (specific diameter and number of turns) were
fabricated using the wirebonding technique and subsequently their electrical properties were
measured. The length of micro-coils was fixed at 800 um, with an exception for coils with
number of turns in the range from 3 to 5. As an example, the inductance and Q-factor
of a 2.55 mm coil, with 5.5 number of turns as a function of frequency are represented in
Figure 4.16a and Figure 4.16b respectively. The inductance and the self-resonant frequency
(SRF) were measured to be about 120 nH and 921 MHz respectively whereas the maximum Q
factor was evaluated to be around 50 which is similar to the value reported by Kratt et al. [156].
While choosing a micro-coil, care must be taken that the SRF is much higher, atleast 500 MHz,
than the Larmor frequency of interest.

After the micro-coils were evaluated individually, the characterization of the micro-coil
and capacitor combination, i.e., the micro-resonator, was undertaken. The electrical and
thermal behaviour of the detectors, i.e., the Q factor and temperature rise due to eddy currents
respectively, of a micro-coil with a diameter of 850 um with 13.5 number of turns were
evaluated. A comparison was made for micro-resonators made up of micro-coils fabricated
with 50 pm and 25 pm thick insulated copper wire. There was negligible background signal
from the wire insulation. The inductance and SRF of this micro-coil was measured to be 100 nH
and 1.75 GHz respectively (Section A8).

The maximum value of the resonator Q factor moderately increases (from 22 to 32) for
the thicker wire (50 um) as shown in the Figure 4.17a. However, the temperature rise is
significantly higher (approx 40 °C at 7 kHz) when using thicker wire compared to thinner wire
(25 pm) as shown in the Figure 4.17b. Therefore, the Q factor improvement obtained using
the 50 um wire is considerably negated by the temperature rise due to induced eddy currents.
This temperature rise in the sample region would lead to a drastic reduction in the spectral
quality. Hence, the 25 pm thick insulated copper wire was chosen for the micro-detector.
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4.3.2 Resonance splitting due to inductive coupling
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Figure 4.18: a) The coil in the MAS probe tuned and matched to 50 Q at 500 MHz; b) Changes
to the reflection curve upon the introduction of a MACS resonator having a
resonant frequency 500 MHz into the MAS probe. The coil in MAS probe is now
loaded with the tuned MACS resonator and as a result the coupled system is
de-tuned and de-matched. The S, reflection curves were acquired by directly
connecting the output port from ' H channel in the MAS probe to a vector network
analyser.

In the MACS resonant inductive coupling mode, the introduction of the MACS detector
into the tuned and matched MAS probe results in de-matching of the coupled system due to
resonance splitting. With the help of the matching capacitor in the probe and to a smaller
extent the tuning capacitor, the tuning and matching of the coupled system to Larmor
frequency of interest and to 50 Q can be achieved. Depending on conditions such as the
coupling co-efficient, k, between the two coils and their respective resonant frequencies, the
magnitude resonance splitting can be beyond the tuning and matching range of the capacitors
in the probe. Therefore, this splitting behaviour was evaluated with microfabricated NMR
detectors in the vicinity of 500 MHz.

The assessment of resonant splitting was done with the help of S;; reflection curves. These
curves were acquired by directly connecting the output port from ! H channel in the MAS probe
to a vector network analyser (E5071C, Keysight® Stuttgart, Germany). Upon the introduction
of the MACS resonator (Resonant frequency = 501 MHz) into the MAS probe, the reflection
(S11) curve changed as shown in the Figure 4.18, indicating the inductive coupling between the
MACS chip and MAS probe coil. However, the range of the tuning and matching capacitors
was not large enough in the MAS probe to tune and match the reflection curve at 500 MHz.

Similarly, the change in reflection curves was also observed upon introduction of the MACS
inserts at various frequencies between 460 MHz and 540 MHz as shown in the Figure 4.19. For
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Figure 4.19: Changes to the reflection curve upon the introduction of a MACS resonator
having a resonant frequency of a) 460 MHz; b) 470 MHz; c) 480 MHz; d) 490 MHz;
e) 510 MHz; f) 520 MHz; g) 530 MHz; h) 540 MHz into the MAS probe.
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Figure 4.20: Tuning and matching the reflection curve of the inductively coupled system back
to 500 MHz. This was achieved only with MACS detectors having a resonant
frequency of a) 460 MHz; b) 470 MHz; c¢) 530 MHz; d) 540 MHz. With MACS
detectors from 480 MHz to 520 MHz, the inductively coupled system could not
be tuned back to 500 MHz using the available range of the tuning and matching
capacitors in the MAS probe.

the MACS inserts with frequencies between 480 MHz to 520 MHz, the inductively coupled sys-
tem could not be tuned back to 500 MHz using the available range of the tuning and matching
capacitors in the MAS probe. However, a visible dip in the reflection curve close to 500 MHz
was observed with MACS inserts resonating at 460, 470, 530 and 540 MHz. Subsequently, the
modified reflection curves from these four instances were tuned and matched at 500 MHz as
shown in Figure 4.20.

This splitting behaviour can be explained from the coupling behaviour between the two
coils. The splitting of the resonance, dw, is equal to kwr. Therefore, closer the resonant
frequency of the MACS insert to 500 MHz, stronger is the coupling between the coils and
larger the splitting. However, the frequency offset of the MACS inserts from the Larmor
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frequency results in reduction in the sensitivity enhancement which has been discussed in
Section 2.5.2. Another way to reduce the splitting is to reduce the coupling between the MACS
coil and MAS probe coil either by reducing the size or decreasing the Q-factor of the former.
However, the adverse effects of low quality factor MACS detectors have been described in
Section 2.5.3. Therefore, the NMR performance evaluation of the microfabricated MACS
inserts was accomplished with inserts having resonant frequencies in the range from 460 MHz
to 470 MHz and 530 MHz to 540 MHz.

4.3.3 NMR characterization

Following the analysis of the electrical efficiency of the microfabricated MACS detectors, NMR
performance evaluation was undertaken. For this task, liquid as well as solid state samples
were used. Although, MAS technique is predominantly used in solid-state NMR, experiments
with liquid state samples were conducted to achieve optimum shimming conditions as well as
to thoroughly evaluate the effects of material susceptibilities on the spectral lineshape.

Double si '~
. oues%

i e . -

(@)

Figure 4.21: a) Filling liquid samples inside the MACS insert using an Eppendorf pipette
tip; b) MACS inserts are centered with the help of Shapal-M inserts inside the
MAS rotor. The Shapal-M inserts also aid in thermal management during NMR
experiments. Adapted with permission from [148] Copyright 2019 ©Royal Society
of Chemistry.

Liquid state samples were dispensed into the MACS inserts with the help of a 20 pul Eppendorf
pipette and tips (GELoader) under a microscope as shown in Figure 4.21a. The sample region
was sealed at the top using a Biofilm (Applied Biosystems) tape, following which the MACS
device is plugged into the MAS rotor with the help of tweezers and centered using Shapal-M
inserts (Goodfellow GmbH) as shown in Figure 4.21b. A step-by-step guide is provided in
Section A6.
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Figure 4.22: a) CAD section drawing of a funnel for filling MACS (solids, powders). b) 3D
printed funnels.

A sample filling tool was designed and fabricated using a 3D printer (MiiCraft) as shown in
the Figure 4.22 to facilitate the packing of powders (solid state sample) inside MACS inserts.
The bottom part of the tool houses the insert and small channel helps to directly funnel the
sample inside the MACS insert. The powder was packed tightly into the MACS device with
the help of 400 um diameter drill bit.

The amount of sample inside the coil is associated with the wall thickness of the sample
container/coil support. The wall thickness was established such that the micro-coil can offer
the highest possible filling factor and at the same time offer reliable support for coil winding
(wirebonding) process. The sample volume for a container with an outer diameter of 850 um
and a wall thickness of 75 um with a length of 1 mm is ~ 380 nl.

4.3.3.1 RF amplification

For the NMR performance evaluation of the MACS device, the NMR spectrum from a MACS
device was directly compared to the NMR spectrum obtained with a dummy MACS insert,
i.e.,, without MACS signal enhancement. A dummy MACS insert is an otherwise identical
MACS device which does not contain a resonator coil. Therefore, the sample volume which
is, 380 nl, is identical to the actual MACS device, but the RF excitation and signal reception
are performed directly by the static MAS coil. All the NMR experiments were performed on
a wide bore 11.7 T Bruker AVANCE III NMR spectrometer equipped with a 4 mm HRMAS
probe.

The RF amplification that can be obtained with the MACS insert have been determined
with the help of 'H nutation experiments using a sample of adamantane (Sigma Aldrich).
A nutation experiment, which is an array of NMR spectra at increasing pulse widths at a
specified power level, helps in identifying the 7/2-pulse, RF field homogeneity, off-resonance
effects and nonlinear pulse behaviour in a device. The results from the 'H nutation spectrum
for the MACS device as well as the dummy insert is shown in Figure 4.23. A x/2-pulse
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Figure 4.23: Comparison of the nutation spectrum for MAS and MACS coils using a sample
of adamantane at an excitation power of 24 W. The reduction in the 7/2-pulse
in the case of MACS gives an indication of the B; field enhancement inside the
sample region. The ratio of amplitudes at 450°/90° from the nutation spectrum
suggests an RF field homogeneity of 60% for the MACS inserts. Adapted with
permission from [148] Copyright 2019 ©Royal Society of Chemistry.

at 24 W was achieved in 1.1 ps using the MACS insert (resonant at 463 MHz), versus 3.3 us
obtained for experiment with the dummy MACS device. The probe efficiency as described in
Equation 2.19 of these arrangements calculated from the measured nutation spectrum was
around 1089 uT/VW and 363 pT/VW, respectively. The RF enhancement of approx. 3 was
obtained from the MACS device by calculating the ratio of the respective probe efficiencies.
An RF field homogeneity value of 60% was observed by computing the ratio of amplitudes
at 450°/90° from the nutation spectrum. The low B; field homogeneity of the insert suggest
that the sample at the center of the container experiences a much stronger RF field than at
the edges of the container. Additionally, this also means that a simpler pulse sequence (e.g.
HMOQC) would lead to better sensitivity than a complex sequence having multiple number
of RF pulses (e.g. HSQC). The RF field homogeneity could be improved by increasing the
sidewall thickness of the sample containers, as well as limiting the sample region to the active
region of the coil. However, this in turn would lead to the reduction in the filling factor of
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Figure 4.24: The n/2-pulse length at different excitation power levels on the 'H channel for
the MACS device. Adapted with permission from [148] Copyright 2019 ©Royal
Society of Chemistry.

MACS inserts which is detrimental to the sensitivity enhancement. The B; field homogeneity
from the commercial coil in the 4 mm MAS probehead was around 75%.

In addition, the nutation experiments were also performed using a sample of adamantane
at various power levels from 5W to 100 W on the 'H channel. This was done to examine
breakdown behaviour of MACS detectors and to evaluate the operational range these inserts.
The 7/2-pulse length at each power level was noted down and the values are presented with
respect to the power level as shown in the Figure 4.24. The observed deviation at shorter /2
pulse lengths was due to the shape of the excitation pulse. As the pulse lengths gets shorter,
the rise time and fall time (approx. 75 ps each) are in the same order of magnitude as the pulse
length itself. The pulse lengths were measured with the help of an oscilloscope. RF nutation
frequency upto 500 kHz was achieved at a power level of 100 W on the 'H channel of the
amplifier.

4.3.3.2 Sensitivity enhancement and linewidth evaluation

For concrete evaluation of the sensitivity enhancement offered by the MACS devices, ex-
periments were conducted with a MACS insert (resonant at 466 MHz) and a dummy insert
at various spinning speeds. Since both inserts have identical sample volume, i.e., 380 nl,
comparison of the signal obtained from those two inserts provides a accurate picture of the
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Adamantane —MACS 5KkHz
----MAS 3 kHz

'H chemical shift (ppm)

Figure 4.25: Evaluation of the sensitivity enhancement achieved with a MACS insert using
an adamantane sample at two spinning speeds (3kHz and 5kHz). The SNR
improvement with the insert is estimated to be around 6. A 7/2-pulse of 1.1 us
and 3.3 us was used for the MACS and MAS experiments respectively at an
excitation power was 24 W and 16 averages were taken. Adapted with permission
from [148] Copyright 2019 ©Royal Society of Chemistry.

improvement in NMR sensitivity. The MACS and MAS NMR spectra of adamantane at 3 kHz
and 5 kHz is shown in Figure 4.25. A factor of 6 increase in sensitivity from these resonant
inserts can be observed from the measurements. The signal-to-noise (SNR) ratio of an NMR
experiment [4] for microscopic samples significantly depends on the geometry of the receiver
coil (filling factor), as well on the excitation efficiency (B;/i). Hence, due to the improved
filling factor provided by the MACS inserts, a further improvement in the SNR is observed, in
addition to the RF field gain.

Additionally, it is noted that the sensitivity enhancement reported in the Figure 4.25 is not
a limitation of the MACS insert [147], but rather related to the limited range of the tuning and
matching capacitors of the vendor-supplied MAS probe. As explained in Section 4.3.2, MACS
resonators in the range of 471 to 529 MHz could not be used for measurements due to the
large magnitude splitting in the reflection curve induced by the coupling of MACS detectors
with the coil in the MAS probe. Because of the limited capacitance range, the reflection curve
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could not be tuned and matched at 500 MHz. The limitation in the sensitivity enhancement to
a factor of 6 in the present experimental setup has been explained with the help of analytical
equations in Section 2.5.2.

0.5 M sucrose —— 470 MHz MACS
—— MACS dummy

5.5 5 0 4.0 3 5 3.0
'H chemical shift (ppm)

Figure 4.26: Comparison of NMR spectrum of 500 mM sucrose obtained from a MACS and
a dummy MACS insert acquired from a volume of 380 nl. The NMR acquisition
using a dummy MACS insert is essentially a MAS experiment with equal amount
of sample volume as the MACS experiment. A 30 % splitting in the anomeric
proton doublet peak was observed using a MACS insert and the singlet proton
peak linewidth was around 4 Hz. A /2-pulse of 1.1 us and 3.3 ps was used for the
MACS and MAS experiments respectively at an excitation power was 24 W and
spinning speed of 3 kHz. Adapted with permission from [148] Copyright 2019
©Royal Society of Chemistry.

Apart from sensitivity enhancement offered by the MACS inserts, spectral resolution of
the NMR spectrum is also an important Figure-of-merit to gauge the quality of the MACS
device. The spectral resolution offered by the MACS detectors is influenced by its material
susceptibilities as well as the thickness of the conductive parts of the detector (induced eddy
currents). The spectral linewidth was assessed using a 500 mM sucrose sample in D,O. The
NMR experiment was performed with a 470 MHz MACS detector as shown in the Figure 4.26.
The spectral quality and the limit of detection of the NMR experiment was evaluated from the
doublet of the anomeric proton in sucrose. A 30 % splitting in the anomeric proton doublet
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peak was observed and the linewidth of the singlet proton peak was around 4 Hz. The SNR of
the anomeric proton peak was calculated to be approx. 40 under an acquisition time of 1s
for the single scan experiment. From these values, the normalized limit of detection [190]
(nLOD,,)) was evaluated to be approx. 13 nmol+/s at 500 MHz. The concentration limit of
detection (cLOD,,) as introduced by Finch et al. [119] in the framework of metabolite profiling
is approx. 320 mM+/s. Although the cLOD,, value is quite high as compared to the one reported
for stripline resonator [119], this was attributed to the small sample volume of the MACS
device. Moreover, comparing the SNR obtained from a similar volume of sucrose solution in a
dummy MACS insert confirmed the factor of 6 sensitivity improvement. The NMR acquisition
using a dummy MACS insert is essentially a MAS experiment with equal amount of sample
volume as the MACS experiment. Therefore, this approach facilitates a direct comparison in
sensitivity between MACS and MAS technique.

4.3.3.3 Homonuclear 2D NMR experiments

As the structure of molecules become more complex, one-dimensional (1D) NMR spectroscopy
becomes inadequate to interpret the signals arising from various scalar or second order coupled
couplings. The resonance multiplets arising from these couplings may overlap and therefore
is very tedious to distinctly identify them from a 1D NMR spectrum. Hence, two-dimensional
NMR spectroscopic methods were invented, starting with the correlation spectroscopy (COSY)
sequence [191], to circumvent this issue of overlapping resonances by the addition of a second
dimension to the NMR spectrum.

The basic approach to conducting 2D NMR experiments consists of sample excitation
followed by evolution of magnetization for a period of time after which a second set of RF
pulses are applied followed by acquisition for another period of time. Thus in a 2D NMR
pulse sequence, the spectrum after Fourier transformation of the NMR signal is a function of
two frequency components. A 2D COSY experiment follows this scheme of sample excitation,
signal evolution, sample mixing and signal acquisition. The simplicity and utility of the COSY
sequence in decluttering the spectrum and in determining the internuclear coupling upto
three bond lengths has rendered it quite popular and widely used among NMR spectroscopists.

Inorder to evaluate the effectiveness of the MACS insert for 2D NMR spectroscopy, a COSY
(cosyqf90) experiment was performed on uniformly *C-labeled glucose under MAS conditions
of 6 kHz. A 340 mM glucose solution in D;O was prepared and dispensed into a resonant
MACS detector at 468 MHz. The solution was prepared by dissolving 67.3 mg of uniformly
B3C-labeled glucose (Deutero GmbH) in 1 ml of the D;0 solution. A 7/2-pulse of 1.1yus at a
power of 24 W was used for sample excitation and 480 t1 increments were collected with 4
averages and a relaxation delay of 1s and 2048 data points were collected in the t2 domain
over a spectral width of 4.5 kHz as shown in the Figure 4.27. The acquisition time was 46 min.
The chemical shifts were reported relative to Trimethylsilyl propionate (TSP) solution and
solvent suppression was undertaken using a 20 uW pulse. The observation of cross peaks
in the 2D NMR spectrum, which illustrates the nuclear coupling in the glucose solution,

85



4 Microfabricated MACS inserts

051 340 mM P . ,
| *C-labeled glucose
—~1.51
- § ’ '
o i
o
E 25
c
U) ' [}
T(g ) L]
—— 4 ¢« &
g351 , .,
o
- .
(@]
L 45/ K/ o
@ o &
T g ® b
551 ¢ v
55 45 35 25 15 05

'H chemical shift (ppm)

Figure 4.27: 'H-'H COSY spectrum of 340 mM uniformly *C4-labeled glucose in D,O obtained
using the MACS detector. A 7/2-pulse of 1.1us at a power of 24 W was used
for sample excitation and 480 t1 increments were collected with 4 averages and
a relaxation delay of 1s and 2048 data points were collected in the t2 domain
over a spectral width of 4.5 kHz as shown in the Figure 4.27. The chemical shifts
were reported relative to Trimethylsilyl propionate (TSP) solution and solvent
suppression was undertaken using a 20 uW pulse. The total measurement time
was 46 min. Adapted with permission from [148] Copyright 2019 ©Royal Society
of Chemistry.

with adequate resolution within a short experiment time proves the excellent sensitivity
enhancement as well as the spectral resolution offered by the MACS inserts.

The COSY experiment was also repeated with a solid-state sample to calibrate the insert
for a solid-state experiment and to observe for any deviations. Experiments were performed
with L-Alanine powder samples under MAS conditions of 6 kHz and a resonant MACS insert
at 466 MHz as shown in the Figure 4.28. L-alanine, the left handed form of alanine, has one of
the simplest structures among amino acids. A 7/2-pulse of 1.1 us at a power of 24 W was used
for sample excitation and 256 t1 increments were collected with 4 averages and a relaxation
delay of 1.5s and 8192 data points were collected in the t2 domain over a spectral width
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Figure 4.28: 'H-'H COSY spectrum of L-Alanine obtained using the MACS detector under
MAS conditions of 6 kHz. A m/2-pulse of 1.1 s at a power of 24 W was used for
sample excitation and 256 t1 increments were collected with 4 averages and a
relaxation delay of 1.5s and 8192 data points were collected in the t2 domain
over a spectral width of 5 kHz. The total measurement time was 40 min.

of 5kHz. The acquisition time was 40 min. Once again the off-diagonal elements illustrate
the 'H-'H coupling in L-alanine.

4.3.3.4 Heteronuclear NMR with MACS

In contrast to homonuclear experiments, heteronuclear 2D NMR provides information based
on the coupling between two different. types of nuclei. Therefore, the chemical shift of one
observed nucleus occupies one dimension and chemical shift of the other nucleus occupies
the second dimension.

For situations when one of the observed nuclear spins is abundant and the other one is
dilute, e.g. 'H and '*C respectively, the SNR is enhanced by transferring the polarization from
the former to the latter. The experiments using this technique in heteronuclear experiments
are called "inverse" correlation experiments. Heteronuclear single-quantum correlation spec-
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Figure 4.29: Anatomy of a cross-polarization (CP) experiment in NMR
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Figure 4.30: a) Nutation spectrum for the '>C MAS coil at 50 W; b) CP experiment on 2-*Cg-
labeled glycine. Adapted with permission from [148] Copyright 2019 ©Royal
Society of Chemistry.

troscopy (HSQC), heteronuclear multiple-quantum correlation spectroscopy (HMQC) and
heteronuclear multiple-bond correlation spectroscopy (HMBC) are some of the most common
"inverse" experiments in use today. The direct measurement technique, heteronuclear correla-
tion spectroscopy (HETCOR), where the "heteronucleus” is measured in the direct dimension
has been used occasionally since the advent of HSQC.

In the inverse experiments, polarization transfer from abundant spin to the dilute spin is an
important step. This transfer of polarization, also known as cross-polarization (CP), is used
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Figure 4.31: 2D HMQC NMR spectrum of 340 mM *C¢ labeled glucose solution in D,O show-
ing 'H -13C correlations using a 380 nl 'H MACS insert. The 'H nucleus is excited
by the MACS coil at 24 W using a 7/2-pulse length of 1.1 us and the excitation
of 13C nuclei is done using the HRMAS probe coil at 50 W and 3C 7/2-pulse
of 10 ps. A 'H decoupling power of 10 W is used to decouple the 'H spins from
the 13C spins. The spectrum was acquired in 8 min 47 s. Adapted with permission
from [148] Copyright 2019 ©Royal Society of Chemistry.

to enhance sensitivity of low-y solid-state NMR experiments by a factor on the order of the
ratio of their respective gyromagnetic ratios. The general scheme of the cross-polarization
technique is shown in Figure 4.29. A 7/2-pulse is used to excite the high-y nucleus and the
spin coherence is transfered to the observed low-y nucleus through a double irradiation
period. High decoupling power is applied to the high-y nucleus during the acquisition of
low-y nucleus FID to improve the linewidth. The important criteria for efficient transfer of
polarization is the Hartmann-Hahn match where the RF field from the former spin should be
equal to the latter spin.

CP-MAS experiments using the MACS insert were conducted on a sample of 2-'3C-labeled
glycine sample (Sigma Aldrich). Similar to alanine, glycine also has a very basic structure
in the amino acid family. Hence, it has been used for either benchmarking or calibration
experiments. For the purpose of cross-polarization, nutation experiments for the 1*C MAS coil
were performed at 50 W and >C 7/2-pulse of 10 ps was recorded as shown in the Figure 4.30a.
Subsequently, CPMAS experiments were conducted at 5 kHz spinning speed with a 7/2-pulse
of 1.1 s at 24 W on the 'H channel as shown in Figure 4.30b. The polarization transfer was
achieved under Hartmann-Hahn match conditions at 4.65 W and a pulse duration of 5 ps. The
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Figure 4.32: 2D HMQC NMR spectrum of 1 mM natural abundance glucose solution in D,O
showing 'H -13C correlations using a 380nl !H MACS insert. The 'H nucleus
is excited by the MACS coil at 24 W using a 7/2-pulse length of 1.1 ps and the
excitation of *C nuclei is done using the HRMAS probe coil at 50 W and *C
nt/2-pulse of 10 ps. A 'H decoupling power of 10 W is used to decouple the 'H
spins from the *C spins. The spectrum was acquired in 28 min 18s.

1H-13C decoupling during acquisition was achieved using the WALTZ decoupling scheme
with an RF pulse of 100 kHz. The advantage of using MACS inserts for CP-MAS experiments is
that high decoupling as well as cross-polarization frequencies can be achieved at relatively low
powers, thus avoiding sample deterioration or probe damage due to high power irradiation.
Additionally, for low-y nucleus, higher excitation bandwidths can be achieved with MACS
inserts at relatively low powers.

The use of a H tuned MACS detector for heteronuclear experiments (:H-*C HMQC) was
first proposed by Aguiar et al. [155] to implement the approach of "inverse" detection to study
low-ynuclei using the MACS technique. The advantage of using 'H tuned MACS inserts is
that higher decoupling field strengths (250 kHz) can be applied at relatively lower power
(25 W). Therefore, the microfabricated MACS insert was also benchmarked for performance
with respect to heteronuclear experiments.

A tuned MACS insert at 465 MHz was used for the 2D HMQC experiments. The !H nucleus
was excited by the MACS coil at 24 W using a 7/2-pulse length of 1.1 ps and the excitation
of 13C nuclei was done using the HRMAS probe coil at 50 W and *C /2-pulse of 10 ps. A
cross polarization power of 24 W facilitates the polarization transfer from *H to *C spins in
the sample. A 'H decoupling power of 10 W was used to decouple the 'H spins from the *C
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spins, thereby allowing the removal of line broadening induced by heteronuclear dipolar and
J-coupling.

Experiments were initially performed on enriched samples and then repeated for natural
abundance samples. To this end, a 340 mM (0.13 pmoles) uniformly *C-labeled glucose
(Deutero GmbH) sample and 1 mM natural abundance glucose (Sigma Aldrich) solution in
D,0 were used. The HMQC spectrum, of the enriched sample shown in Figure 4.31 was
acquired in 8 min 47 s and the natural abundance sample shown in Figure 4.32 was acquired
in 28 min 18 s. In both cases, a fine J-splitting both in direct and indirect dimension is observed.
The spectral resolution of the 'H NMR measurements in both cases was around 7 Hz. The
excellent spectral resolution in a short measurement time allows extraction of more coupling
information rather than peak assignments. The "inverse" experiments were performed with
micro-resonator tuned to !H Larmor frequency rather than *C, because of low efficiency
on the high frequency channel. The introduction of a '*C micro-resonator inside a 'H MAS
probe coil will result in high frequency current flowing through the on-chip capacitor rather
than the micro-coil because the capacitor acts as a short at the high frequency.

4.3.3.5 Metabolomic studies

The pioneering attempts to perform metabolomic studies using MACS inserts was reported
by Wong et al. [149]. The authors evaluated the possibility of using handwound MACS
detectors as a metabolomic tool by identifying metabolites from 500 pg of bovine muscle and
human tissues, with a reported linewidth of 0.1 ppm. This was followed by another generation
of handwound inserts [150] which improved the spectral resolution down to 0.02 ppm for
a 250 pg rabbit kidney tissue. The steady progress in the spectral quality was accomplished
by minimizing susceptibility and eddy current effects from the rotor insert and micro-coil,
respectively. Subsequently, the application of these high resolution MACS (HR-MACS) in-
serts was expanded to perform metabolic profiling on intact organisms like yeast cells [153]
and Caenorhabditis elegans worms [151]. The suitability of MACS inserts for metabolomic
applications have been comprehensively reviewed by Torres and Wong [135].

Microfabricated MACS inserts have emerged as a metabolic profiling tool, addressing the
disadvantages of handwound MACS inserts related to their fabrication and operation and
reporting linewidths of 1 ppm [11] and 0.1 ppm [130], respectively. Although metabolomic
studies have been performed on tissue samples, yeast cells and C. elegans worms, the potential
of MACS inserts on embryos which have a size similar to the detector geometry has not been
explored. Embryonic stages of the zebrafish (Danio rerio) have become an increasingly used
animal model [192] not only in developmental biology [193, 194] and genetics [195], but also
for neuroscience [196], human disease modeling [197, 198], drug development [199, 200] and
toxicology [201]. Several reporter tools have been explored [202] and among them HR-MAS
experiments have been utilized for metabolic profiling, previously using 100 intact embryos
inside the MAS rotor [203, 204]. They were aged between 27 hpf (hours post fertilization)
to 96 hpf and were spun at 5 kHz. The treatments were started at 3 hpf, but the measurements
were done 24 hours later, hence at 27 hpf.
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Figure 4.33: 'H MAS NMR spectrum of a single Zebrafish embryo spun at 5 kHz after solvent
suppression using a 20 yW pulse. The metabolic profile of the embryo shows
a number of fatty acids, sugars etc. among other metabolites. The inset shows
the photograph of an intact zebrafish embryo on top of the MACS orifice before
loading. Ala, alanine; Asp, aspartate; Glc, glucose; Gln, glutamine; Glu, glutamate;
Gly, glycine; Lac, lactate; Tau, taurine; m-Ins, (myo)-inositol; tCr, total creatine;
GABA, gamma-aminobutyric acid; Chol, cholesterol; FA, fatty acid. A z/2-pulse
of 1.1 ps at an excitation power of 24 W was used and 256 averages were taken
with a repetition time of 1s. Adapted with permission from [148] Copyright 2019
©Royal Society of Chemistry.

MACS inserts would bring significant enhancement in the detection of metabolites in these
embryos. The access provided by the MACS inserts to assess inter-individual metabolite
differences and thus enabling MAS-NMR spectra of single zebrafish embryos would represent
a significant advancement for metabolism studies in this model organism. Moreover, these
miniaturized detectors would lead to a considerable decrease in the centrifugal forces experi-
enced by the biological specimen during spinning. Hence, these inserts would constitute a
powerful new tool for metabolic profiling of biological systems.

100 hpf stage zebrafish embryos (For ethics statement, refer Section A1), as shown in
Figure 4.33, are freely swimming in a 10 cm petri dish (633180, Greiner Bio-One) containing
E3 medium, but do not yet require feeding, as they are relying on their yolk for nutrition.
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Figure 4.34: 'H-'H COSY NMR spectrum of a single Zebrafish embryo under MAS condition
of 5 kHz after solvent suppression using a 20 yW pulse. Additional metabolites like
Tyrosine, Leusine, L-Tryptophan (Trp) etc. were detected. A 7z/2-pulse of 1.1 ps at
an excitation power of 24 W was used. 512 t1 increments were collected with 32
averages and a relaxation delay of 1s and 2048 data points were collected in the
t2 domain over a spectral width of 5.5 kHz. Adapted with permission from [148]
Copyright 2019 ©Royal Society of Chemistry.

One of the embryos was first placed on top of a MACS device resonant at 467 MHz next
to the orifice using a 20 pl Eppendorf pipette and tips (GELoader) as shown in Figure 4.33.
Subsequently, the embryo is successfully inserted into the sample volume of the 700 um orifice
MACS detector with the help of capillary force by absorbing the liquid inside. The rest of
the sample volume is filled up with the E3 medium. This is followed by sealing of the sample
region at the top using a Biofilm tape (Applied Biosystems).

'H NMR spectrum was initially obtained as shown in Figure 4.33 under MAS conditions
of 5kHz. The solvent signal was suppressed using a pre-saturation pulse of 20 pW. The total
experiment time was 6 min 30 s. Almost all the metabolites that have been reported from 100
embryos [203, 204] have been identified in the ' H NMR spectrum shown in Figure 4.33. The
assignment of metabolites was done by referencing the 'H spectra of the compounds to
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previously reported data [205, 206]. The metabolite peaks in the NMR spectrum have been
referenced to Trimethylsilyl propionate (TSP) solution.

A two dimensional (2D) homonuclear correlation spectroscopy (COSY) experiment has
been performed for improved clarity in the metabolite resonances in zebrafish embryos by
helping to distinguish overlapping peaks. The COSY experiment was performed on an intact
105 hpf embryo.

The 2D NMR spectrum as shown in Figure 4.34 was acquired over a time period of 5h 27 min
by collecting 2048 data points in the t2 domain over the spectral width of 5.5kHz. 512 t1
increments were collected with 32 averages and a relaxation delay of 1s. The acquisition time
was 115 ms and suppression of the water resonance was done using a power of 20 yW. The
COSY spectrum further reveals additional metabolites in the specimen compared to the 1D
spectrum, and also the correlation between the metabolite peaks. All metabolite resonances
are referenced with respect to the trimethylsilyl propionate (TSP) solution. The MACS signal
enhancement revealed 80 % of the metabolites as compared to previously published results,
despite the acquisition of NMR signal from a single zebrafish embryo, in contrast to stronger
metabolite signals from 100 embryos [203, 204].

A wide array of benchmarking and performance analysis of the microfabricated MACS
inserts has been achieved. Through these experiments, a clear picture of performance indices
of the MACS insert has been obtained. Though there were some limitations that were observed
during the experiments, it can be concluded that significant enhancement in NMR sensitivity
has been achieved and at the same time maintaining excellent spectral resolution.

4.4 Yield, risk, failure and reliability analysis

The analysis of yield, risk and reliability is an important part of the MEMS fabrication process.
Although, the desired target in the MEMS fabrication process is to bring out only functional
chips or devices, in practice there will always be process variations which would lead to defects
in devices. The process of identifying the deviation in the process as well as the deviation
in operation performance forms a part of risk, failure and reliability analysis. Therefore, the
process of improving fabrication yield is interconnected with them.

4.4.1 Yield

Fabrication yield is a measure used to quantify the efficiency of the production process. The
higher the yield, the better is the quality of the microfabrication process [207]. Substrate yield
(SY) can be quantitatively defined as given by Equation 4.1:

Nworking
Niotal

SY =

(4.1)
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where Nyorking and Niota) are the number of working devices and total number of devices on
a substrate.

Substrate yield was calculated for a one of the wafer at the end of microfabrication process.
The yield has been computed based on wafer mapping process which has been described in
Section A9 and shown in Figure A.7. Taking the total number of expected devices on the
wafer to be 1154 and based on the number of working devices to be 210, the total yield at the
end of the fabrication run stood at 18%. It was noted that number of functional capacitors at
the end of fabrication steps for on-chip capacitors was 852. Therefore, the on-chip capacitor
yield was calculated to 74%.

It is important to recognize that during the bring up of new process steps for device
fabrication the total yield is typically < 40% [207]. Additionally, under the circumstances of
operating under university environment further yield losses are expected.

There are two types of yield losses that were observed during the fabrication of devices.
The contribution of the devices that were scrapped due to process deficiencies (850 for this
case) to the yield can be categorized under catastrophic yield loss [207] and the category
of devices that do not function within the desired specification (94 for this case) fall under
parametric yield loss [207].

4.4.2 Risk analysis

The investigation and quantification of yield losses along with the identification of source of
these loss during the fabrication process forms a major function of the risk analysis [207].

From the analysis of yield loss based on wafer mapping shown in Figure A.7, it was observed
that catastrophic yield loss were quite high. These catastrophic yield losses were attributed to
various defects during the fabrication process. Another important observation that was taken
into account was the drastic increase in yield loss after the conclusion of the fabrication of
capacitors. An analysis of risk for various process steps was performed and a summary of
preventive action taken has been provided in Table 4.2.

Therefore, it can be noted from Table 4.2, that the substrate yield can be drastically improved
by the addition of a sacrificial layer during the SU-8 process which has been described in
Section 4.2.4.

4.4.3 Reliability and failure analysis

"Reliability is defined as the probability of operating a device for certain period of time under
certain conditions without failure [207]".

Failure analysis provided concrete information on failure of devices during operation, the
so called "field losses". There can be multitude of reasons for failure of devices starting from
defects during fabrication up to failure due to extreme operating conditions.

For the microfabricated MACS inserts, around 5 MACS devices experienced failure during
operation under MAS operating conditions at relatively low power levels of (10 W to 24 W).
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Table 4.2: Risk analysis of the critical process steps during fabrication

Process element Effect of failure Detection Preventive action Action taken
Seed layer Short circuit Microscope Avoid direct Spin coat
stripping between capacitor and electrical contact between Barli on top
plates and electrical SU-8 & seed layer of seed layer
Grinding Non-uniform Profilometer  Control force DOE process
dielectric layer and paper grit for polishing
Delamination of No wirebonding Visual Improve adhesion Additional plasma
top capacitor possible of top process before
plate capacitor plate seed layer
deposition
Unclean No wirebonding Visual Avoid direct Sacrificial AZ 4533
pads possible contact between layer patterned

SU-8 & contact pads

Holes in SU-8 No sample filling ~ Visual Improve wetting Mask redesign

containers blocked possible for behaviour during and two step

by SU-8 NMR experiments encapsulation encapsulation
process

The failure is attributed to the breakdown of the SU-8 dielectric between the capacitor plates
as result of defects during the fabrication process. Some additional devices (10) experienced
failure at higher power levels (>50 W). Once again the expected reason for failure arises from
the capacitor dielectric because the wirebonds and wirebonded coils were noticed to be intact
under microscopic inspection.

4.4.4 Process capability index (Cpk)

The process capability index (Cpk) is a performance evaluation tool for manufacturing pro-
cesses. It comes under the umbrella of statistical quality control measures in production [208].
This index is useful to evaluate the proximity of process performance to its specification
limits taking into account natural variations of the process. It is a measure of accuracy and
consistency of the process to adhere to its specifications. The rule of thumb is that larger
the index, lower the likelihood of the device breaching the specification limits. The Cpk
value for process can be determined by the mean value of the measurements in addition their
distribution (standard deviation). Equation 4.2 gives the formula for numerical computation
of the process capability index.

Upp — Mean Mean — Low
30 ’ 30

Cpk = min( ) (4.2)
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where Upp and Low are the upper and lower limits of the desired specification of the process,
mean is the average value of all the measured values, ¢ is standard deviation of the measure-
ments taken after the process.

Table 4.3: Cpk values for gold electroplating thickness

Substrate  Upper limit (um)  Lower limit (um)  Mean (um)  Std. deviation, o (um)  Cpk

1 10.5 9.5 9.91 0.142 0.95
2 10.5 9.5 9.95 0.153 0.99
3 10.5 9.5 9.95 0.135 1.11
4 3.5 2.5 2.98 0.125 1.30
5 3.5 2.5 2.98 0.123 1.31

Table 4.4: Cpk values for dielectric thickness after the grinding process

Substrate  Upper limit (um)  Lower limit (um)  Mean (um)  Std. deviation, o (um)  Cpk

1 - 12 12.62 0.168 1.22
2 - 12 12.56 0.206 0.90
3 - 12 12.52 0.193 0.89
4 - 12 12.48 0.161 0.98
5 - 12 12.12 0.253 0.15

Table 4.5: Cpk values for SU-8 pillar height after HAR SU-8 fabrication

Substrate  Upper limit (um)  Lower limit (um)  Mean (um)  Std. deviation, o (um)  Cpk

1 1400 1200 1303 23.01 1.41
2 1400 1200 1306 23.11 1.35
3 1400 1200 1306 22.37 1.39
4 1400 1200 1318 25.02 1.08
5 1400 1200 1316 25.57 1.10

In order to determine the capability of the processes employed for the fabrication of
the MACS devices, the Cpk values are calculated. However, not all the processes could be
effectively controlled with measurements. The gold electroplating process and the grinding
process could be controlled by measuring the thickness using a profilometer (KLA-Tencor
P1). Similarly, after the HAR SU-8 lithography process, the height of the SU-8 cylinders were
measured under a stereomicroscope. Other processes such as wirebonding (ball size, ball shear
test, wire pull test), wafer dicing (kerf width, chip size) could not be effectively controlled due
to the lack of appropriate measurement tools.
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Table 4.3 shows the Cpk values for the 3 pm and 10 um electroplating process. 5 substrates
were measured and 25 data points were taken from each substrate and tabulated. The indices
suggest that process capability is in the 30 range with one substrate showing a value close
to 1.33 (40 range). Therefore, it is expected that process will generate mid-level variations in
the devices. Similarly, for wafer grinding process where thickness of the dielectric is reduced,
the Table 4.4 suggests high degree of variations due to Cpk values< 1.

On the other hand, Table 4.5, the HAR SU-8 lithography process shows good consistency
and stability with Cpk values close to 1.33. In the industry which follow six sigma quality
control standards [208], Cpk index of > 1.67 is required. However, introduction of new
processes usually result in lower values and generally Cpk value of 1.33 is acceptable.

The measurement distribution as well as the Cpk trend for the process is illustrated and
elaborated in Section A12. Therefore, it would be beneficial to use these tools to determine the
reproducibility of the MACS detectors by assessing the consistency of the processes employed
to fabricate these detectors.

4.5 Discussion

Table 4.6: Comparison of various MACS detectors for a 4 mm MAS system

Capacitor Colil Wire 0T Omacs Resol-  Sensi-
thick-  at ution  tivity
ness 5 kHz gain
(um)  (°C) (ppm)

MACSI1 ([10]) Discrete Handwound 30 7 70 0.02 6.7-14
MACS2 ([11]) Interdigitated =~ Wirebonded 25 - - 1 -
MACS3 ([130]) Parasitic Printed 17 2.5 50 0.1 3.4
MACS4 (this work)  Parallel plate =~ Wirebonded 25 5 22 0.03 6

A microfabricated MACS device that has been fully characterized with respect to its
electrical properties as well as its thermal behaviour has been described in this chapter.
The outlined detector is currently compatible with MAS systems > 4mm. The thermal
characterization was done by measuring the temperature gradient/difference (VT/5T) between
the sample region and the periphery of the insert.

A historical overview of the various kinds of the single resonant MACS devices that have
been reported has been provided in Table 4.6 and are compared with the device that has been
presented here. The manually fabricated MACS inserts from [10] report the best Q factor
values. However, they also have the highest sample heating due to induced eddy currents.
Efforts to improve the thermal performance by using Shapal-M [150] housing to balance
them have caused issues with susceptibility that cannot be averaged out. The microfabricated
micro-resonators integrated with an interdigitated capacitor [11] offers the most unfavourable
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electrical performance. The spectral resolution from these inserts were also quite poor. On
the other hand, the monolithic MACS devices [130] offer the best thermal performance due to
the elimination of y-Solenoids in the final device. Nonetheless, the sensitivity enhancement
achieved using these inserts was inadequate. As compared to all these devices, the performance
of the MACS micro-detector reported in this work is somewhere in the middle. There is scope
for improvement when it comes to sensitivity enhancement by using devices with resonant
frequency close to the Larmor frequency (Section 4.3.2). The reported spectral resolution with
the current microfabricated MACS device is similar to values reported by hand fabricated
MACS inserts.

The rapid advances in HR-MAS technology, with size of the MAS detector reducing to
< 1mm [131, 135, 209], has enabled NMR spectroscopists for sensitivity improvements as
well as faster sample spinning. Therefore, MAS system has also moved towards the micro
domain with reduction in detector sizes. The major contribution of the HR-uMAS probeheads
is towards faster sample spinning, with spinning speeds > 100 kHz achieved [33]. However,
downsizing the detector in the MAS probehead leads to reduction in the sample filling factor
(figure 2.2). Comparing the 0.7 mm MAS system with MACS device reported in this thesis,
the latter offers higher filling factors (about 65%) as compared to the former (about 20%).
Therefore, taking into account all the signal losses associated with the MACS technique, it can
be conservatively estimated that current MACS inserts would offer a sensitivity improvement
by a factor of 2 as compared to the 0.7 mm MAS system. It is also worth noting that 0.7 mm
MAS probeheads are extremely expensive and require necessary modifications to the shim
systems to improve the spectral resolution [210]. However, sample heating in HR-uMAS
probeheads is caused only due to frictional heating rather than induced eddy currents.

The major development in this work has been to demonstrate a MACS insert which was
manufactured in a robust and reproducible manner by means of microfabrication, with
adequate electrical and thermal performance of both the passives integrated in the device.
Microfabrication also offers the advantage that it eliminates any imprecision due to manual
assembly, and ensures mechanically balanced devices, which is an important characteristic
necessary for fast spinning speeds.

This thesis marks the coming-of-age of MACS devices, as their maturity opens doors for
a wide range of NMR applications involving fast sample spinning at high SNR, crucial to
obtaining finely resolved spectra, thereby addressing multiple categories of practitioners. As
an application example, this work has demonstrated, for the first time, 'H NMR metabolic
profiling of an intact single zebrafish embryo. The results acquired with these micro-detectors
are in good agreement with previous reports [135], proving the possibility of HR-MACS
applications for low cell-count studies, as needed for example for human disease monitoring,
drug development, or toxicity assessment. Further, improvement to metabolomic experiments
can be foreseen by using a combination of slow spinning, MACS and the CMP (comprehensive
multi-phase)-NMR [211] technique. This combination would be a promising concept to
observe the metabolic activity of an intact single zebrafish embryo over a longer period of
time through its multiple embryonic stages (e.g. from 10 hpf-100hpf).
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Thus far, only tuned detectors have been reported for application in MACS configuration,
i.e., a micro-coil and a capacitor forming a micro-resonator tuned to the Larmor frequency
of interest. For solenoid micro-coil geometries, either manual winding of a wire around
a capillary [10, 152], or a modified wirebonder [11, 148] have been used. For a 2D MACS
resonator approach, the planar coil has been defined by lithography and etching [130]. The
capacitors required to tune the micro-resonator have been integrated with the manually wound
coils by soldering a discrete element [10, 152] to the ends of the micro-coil. On-chip capacitors
have been designed for integration with wirebonded micro-coils, this approach offering the
flexibility to employ either interdigitated [11] or parallel plate capacitor structures [46]. The
2D MACS resonator features a capacitance that is distributed along the entire length of the
micro-coil, between its tracks [130].

However, these resonant inserts have limitations which originate from the requirement to
tune them to the target Larmor frequency. Fabrication imperfections such as winding pitch,
coil height etc. might lead to deviation in the tuning frequency of the inserts. Additionally,
the micro-resonators introduce resonance splitting, which may also lead to serious reduction
in efficiency if the tuning and matching conditions of the coupled system are not met at
the target frequency. The splitting in the reflection curve occurs due to the fact that the
resonance of a coupled system is split when the coupling is larger than a critical value, i.e.,
critical coupling [147]. When this happens, it is vital that the capacitance range of tuning and
matching capacitor is sufficient to recover tuning and matching of the probe coil loaded by
the micro-resonator. Additionally, the tuned MACS micro-resonators cannot be operated in
different magnetic field strengths or for different nuclei. Hence, there have been efforts to
develop multi-resonant detectors for MAS [152, 212].

Takeda et al. [152] evaluated the feasibility of integrating a doubly-tuned MACS resonator
in a doubly-tuned MAS probe and demonstrated enhancement factors of 5.4 and 7 for ' H and
13C channels respectively as compared to without the doubly-tuned insert. Further, a solution
to extend a doubly-tuned insert to a triply-tuned MACS was also described. However, these
double and triple resonant MACS inserts are designed such that each coil observes separate
sample regions. The triple resonance micro-magic angle spinning (uMAS) probehead [212]
reported by Brauckmann et al. provides high RF fields necessary for the heteronuclear and
homonuclear decoupling in multi-nuclear NMR experiments as well as higher excitation
efficiencies for quadrupolar nuclei. Hence, the probe offers improvements in resolution and
sensitivity as compared to a regular MAS probe. Nonetheless, necessary modifications to the
commercial probehead [9] does not make this a straightforward proposition for the NMR
community.
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Multi-resonant detectors have been successfully employed for wide range of applications
such as metabolomics studies based on 2Ngq, 3'P, 3°K, and 3C nuclei, while 'H is usually
used for shimming [213, 214]. Cross polarization techniques rely on transferring the po-
larization from a high-gyromagnetic-ratio nucleus to another nucleus with a relatively low
value [215-217] and so require different resonant frequencies for excitation and detection.
In MR spectroscopy, 'H MRI is applied to localize the phantom and then the X-channel is
used for the spectroscopy [218, 219]. F-'H MRI has proven to be a useful technique to
study the distribution of fluorine-containing drugs inside tissues, exploiting the fact that both
proton and fluorine have high gyromagnetic-ratios [220]. Decoupling experiments [221, 222]
also require detection in one channel, simultaneous to the excitation in the other channel.
Therefore, the overlap of the field-of-views in different frequencies is an essential parame-
ter which determines the decoupling efficiency. While these circuits benefit from passive
amplification of the signal at the resonant frequencies, thus having the best performance at
those specific frequencies, a second category of detectors have been developed, targeting
operation in a broad range of frequencies, albeit with compromise on the sensitivity of the
coils [223-228]. Wideband performance is a competitive advantage because the coil, being
independent of the static magnetic field, can be adapted to different magnetic field strengths
or to different nuclei without further tuning and matching. Davoodi et al. [161] have reported
a comprehensive overview on various aspects of both multi-nuclear and broadband NMR
detectors which addresses their performance issues and provides a solution for optimization
based on application.

5.1 Lenz lensinsertsin NMR

Spengler et al. [128] have introduced a novel wideband insert that operates as a "magnetic
Lenz lens", tailoring the magnetic flux inside a tuned Helmholtz coil detector. The approach
reported in this chapter is to exploit the intrinsically non-tuned nature of such a Lenz lens
(LL) structure in order to achieve broadband operation for MACS inserts. In this section, a
brief history of Lenz lens structures for NMR applications will be presented, including several
preliminary considerations regarding the operating principles, relevant for the content of the
this work.

The Lenz lenses, are governed by Lenz’s law and provide local amplification in the magnetic
field by focusing the magnetic flux from a primary coil into a spatial region of interest. The
lenses are essentially made up of two conducting loops, an outer and inner, either in the form
of wires or sheets. The outer loop (flux collector) collects the flux from the surrounding area
and the inner loop (anti-coil) focuses this flux inside its borders. The loops are coupled to the
primary coil through their respective mutual inductances. These findings were summarized
by Schoenmaker et al. in this article [229].

Further, Jouda et al. [230] have comprehensively evaluated the SNR enhancement obtained
for a microscopic sample placed inside a coil with a diameter much larger than the sample
itself. The signal is then acquired using either an LC resonator or an LL insert, inductively

102



5.2 Theoretical formulations

coupled with the larger coil. The SNR enhancement provided by the inductively coupled LC
resonator was 10, while for the inductively coupled Lenz lens was 3.5, compared to the case
when the signal was collected only using the large coil. Nevertheless, it is important to note
that the SNR boost provided by the LL inserts is not specific to a certain frequency, but it is
rather broadband.

The Lenz lens concept has already started to penetrate the NMR applications field, being
recently exploited by Meier et al. [231] in diamond anvil cells (DACs) in order to shape
the magnetic flux towards the sample in high pressure NMR experiments. This resulted in
significant sensitivity (LOD;=10"'2 spins/VHz) and pressure gains (up to 70 GPa) as compared
to a micro-coil setup. Subsequently, significant advances were made to this setup using a
double-stage Lenz lens arrangement [232, 233], which enabled high pressure NMR experiments
up to 90 GPa with double the amplification of the B; field in the sample region as compared
to the previous version.

As stated above, the Lenz lens structures, made up of two connected conducting loops,
are intrinsically broadband structures. For an LC resonator, the coil can be modeled as an
emf source in series with an inductor and a resistor. At the resonant frequency, the tuning
capacitor cancels out the impedance of the inductor, therefore the current flowing in the
circuit is maximized. This current flows inside the coil creating a magnetic field. The magnetic
field produced by a micro-resonator MACS insert is maximum in its resonance mode. In a Lenz
lens structure, the magnetic field from a macroscopic coil induces two emfs in the respective
loops (coils), therefore, the current flowing in the coils is proportional to the difference of
their emfs divided by the sum of their impedances. The emf is proportional to the reactance
itself and hence the current in high Q structures is frequency-independent. The field at each
point is the sum of the fields produced by each coil. Therefore, the field amplification at the
sample volume is frequency-independent. In terms of the noise performance, extra noise
introduced in a resonant MACS insert is amplified with the same factor as the signal at the
resonant frequency, but for a LL MACS, the noise is the root of the sum squares of the noise
produced by each coil, while the signal is proportional to the differential signal produced by
each coil.

The main focus of this chapter is to investigate the possibility to implement the Lenz lens
concept into MACS inserts in order to perform experiments in a broader frequency range. A
theoretical rundown, both analytical as well as based on simulation, is provided to analyse the
integration of Lenz lens configuration with the MAS probe coil. Various possible broadband
MACS designs are explored and fabricated. Finally, NMR performance evaluation has been
conducted on these fabricated designs.

5.2 Theoretical formulations

In a Lenz lens configuration, the coil pair is coupled to the primary coil through their respective
mutual inductances [230]. Therefore, regardless of the geometry, each coil which has the
dominant mutual inductance, acts as the flux collector and the other one acts as the anti-coil.
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Figure 5.1: Topology of the broadband MACS insert inductively coupled to a MAS probe coil.
Ly, Lye and L, are the inductances of the primary coil, flux collector and anti-coil,
respectively. These coils are also represented by their resistances, R, Ry, and
Ry, respectively. The flux collector and anti-coil have parasitic capacitance, Cr,
and C,, respectively. The mutual inductance between each of the coils, i.e, Mg,
between flux collector and primary coil, M,p,, between anti-coil and primary coil
and M,¢, between anti-coil and focusing coil play a major role in the predicted
sensitivity enhancement in the sample region. The capacitors, C; and C,,, perform
the functions of tuning and matching respectively.

A suitable design can ensure that flux is focused in the desired region of the insert while
diminishing the flux in another region, e.g. an LL consisting of two loops, focuses the flux
inside the inner loop and nullifies the flux in between loops. The design rules with the
respective mutual inductance calculations will be addressed in this section in combination
with FEM simulations of the geometries.

The electrical circuit diagram of a broadband MACS insert coupled to a MAS probe coil is
shown in Figure 5.1. The insert consists of two electrically connected inductive loops, L¢. and
Ly, respectively. Both inductive loops are coupled to the primary coil, L,, through mutual
inductances, My, and M,,, respectively. The stray interwinding capacitance, Cr. and Cqc, of
the solenoid coils in the insert are also integrated in the circuit. They play a part in the self
resonance of the individual coils. If the self-resonant frequency of any of the coils is less than
the Larmor frequency, then it will lead to inefficiencies since the stray capacitance will act as
a short leading to all the induced currents getting dissipated in the capacitor.

One of the major deviation to the circuit analysis reported by Jouda et al. [230], is the
consideration of mutual inductance, Mg, between the anti-coil and the primary coil. Since
the detector design is based on solenoidal geometry, the mutual inductance between the two
coils is a significant factor as opposed to being negligible in the case of planar design.

Based on Kirchhoff’s voltage and current law, the following equations are derived from
Figure 5.1.

Ve = =L - joMgy + L - (Ry + joLy) + I, - joMyp (5.1)
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I - jwMap +1- (Rac + jQ)Lac) +1 - (Rfc + ijfc) =L - jQ)pr +2-1 - joMys =0 (5'2)
From Equation 5.2, a relationship between the two currents, I. and I is established.

1. JjoMgp — joMap 53)
c Rec + Rae + joLge + jooLae + 2 - jooMas )

Substituting Equation 5.3 in Equation 5.1, the impedance, Z, at the terminals is derived.

(jQ)pr - jwMap) ) (ja)Map - ja)pr)

V. =L, - (R, + jowL, +
o =L (Rp+ joly Reo + Roe + jooLgo + jeoLoe + 2 - jooMyg

) (5.4)

(jwap - ja)]\/[ap)2
Ree + Rae + joLge + jowoLae + 2jowoMys

Ze =Ry + joL, - (5.5)

Therefore, from Equation 5.5, it can be observed that independent of which mutual in-
ductance, either My, or Mgy is higher, the impedance remains the same. Since the SNR is
calculated directly based on the real part of the impedance (resistance), this holds true for the
SNR as well. However, the important detail that needs to be recognized is the region where
the SNR enhancement occurs based on the dominating mutual inductance among the two.
This can be further visualized from simulations.

5.3 Design and simulation of broadband MACS inserts

The simulation studies were conducted to evaluate the maximum sensitivity enhancement
that could be achieved using Lenz lens MACS (LLMACS) inserts. Three different designs of
inserts compatible with the MAS arrangement are analyzed using FEM simulations.

Simulation of the theoretical B; field enhancement that could be obtained from various
designs of the Lenz lens inserts that are compatible with the 4 mm MAS system was done in
COMSOL Multiphysics®. The simulation was performed with the RF module of the software
employing the physics of electromagnetic waves in the frequency domain.

A spherical air domain having a diameter of 10 mm was defined as the simulation domain
which was sufficiently large so that the solution is not affected by the exterior boundaries.
An 8 turns coil of diameter 4.5 mm wound from copper wire of thickness 250 pm was defined
as the MAS probe coil in all the cases. The ends of the probe coil were connected to two
perfectly conducting leads and a lumped port was defined between them. A driving voltage
of 1V was applied at the port through a 50 Q characteristic impedance. The conductive
surface losses in the structures were accounted for with the help of an impedance boundary
condition. The finite element mesh was relatively coarse for the spherical air domain and the
outer probe coil.
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Figure 5.2: FEM simulation model of an SSLL insert inductively coupled to a primary coil
which represents the coil in the probe. The SSLL device consists of a solenoid,
defined as the focusing coil (anti-coil), which is connected to a thin metal strip on
the substrate which acts as a flux collector to complete the LL geometry.
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Figure 5.3: Simulated B field enhancement observed in the sample region with an SSLL insert
in a) Cross section perpendicular to the coil axis; b) Cross section parallel to the
coil axis with the help of 2D B, field maps. The higher B; field in the small region
inside the anti-coil can be clearly observed.

5.3.1 Single solenoid Lenz lens inserts (SSLL)

A 24.5 turn 550 pm diameter solenoid of height 1 mm having a wire diameter of 25 pm, defined
as the focusing coil, is connected to a metal strip of width 100 pm and thickness 8 pm which
acts as the flux collector as shown in Figure 5.2a. The outer diameter of the flux collector
was 3 mm. The focusing coil (solenoid) was assigned copper from the material inventory and
gold was assigned to the flux collector. A mesh (free tetrahedral) size of 4 um was assigned to
the micro-coil and the flux collector.

The detectors are inductively coupled to the probe coil. The entire model geometry with
the MAS probe coil is shown in Figure 5.2. From Figure 5.3 and Figure 5.4, it was observed
that the B; field is amplified by around a factor of 1.5 in the sample region. This amplification
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Figure 5.4: Simulated B; field enhancement observed in the sample region with (right-half of
each image) and without (left-half of each image) an SSLL insert in a frequency
range between 200 MHz to 700 MHz along a cut line a) through center of coil
perpendicular to the coil axis; b) along the coil axis.
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Figure 5.5: Simulated B, field plot obtained in the sample region with an SSLL insert when
the diameter of the flux collector is less than 2.5 mm. a) 2D B, field map showing
lower magnetic flux inside the anti-coil compared to the surroundings; b) B; field
in the sample region along the coil axis with and without the aforementioned
SSLL insert. The dip in the curve shows the reduction in the magnetic field in the
sample region for the SSLL insert with smaller flux collector.

is for the case where the mutual inductance between the outer loop and the primary coil is
higher than the mutual inductance between the p-Solenoid and the primary.

The case, where the latter mutual inductance is higher than the former has also been
simulated as shown in Figure 5.5. It was observed that under this condition, the flux amplifi-
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cation happens outside the sample region and in the sample region there is a reduction in the
magnetic flux. Therefore, the diameter of the outer planar flux collector should be as close to
the primary coil as possible to increase the mutual inductance between them.

An additional conclusion that was drawn from the simulations was that not all of the flux
accumulated by the flux collector was focused into the sample region by the anti-coil. This is
because the flux collector has a planar geometry and the anti-coil has solenoidal geometry.
Therefore, there is a presence of stray B; field in between the Lenz lens loops. Hence, this
single solenoid Lenz lens design is not optimal for a broadband MACS detector.

5.3.2 Double solenoid Lenz lens inserts (DSLL)

MAS coil

DSLL

=
=

Sample
=

Figure 5.6: FEM simulation model of DSLL insert inductively coupled to a primary coil (largest
coil) which represents the coil in the probe. The DSLL device consists of two
concentric solenoids connected to each other, one of which (smallest coil) is defined
as the focusing coil (anti-coil), and the other coil which acts as a flux collector to
complete the LL geometry.

A 7.5 turn 550 pm diameter solenoid of height 0.6 mm made from 25um thick copper
wire, defined as the focusing coil, is connected to a 24.5 turn 2550 pm diameter solenoid of
height 0.8 mm made from 25 pm thick copper wire, which acts as the flux collector. The
direction of windings is such that current flows in opposite direction in the coil pair. The
contact pads with a thickness of 10 um were assigned gold as the operating material. The
finite element mesh size was 8 pm for the contact pads. A finer mesh (free tetrahedral) size
of 4 um was assigned to the two micro-coils.

The detectors are inductively coupled to the probe coil. The entire model geometry with
the MAS probe coil is shown in Figure 5.6. From Figure 5.7 and Figure 5.8, it was observed
that the By field is amplified by around a factor of 3 in the sample region. The theoretical SNR
enhancement was calculated to be approx. 2.5 considering the simulated net resistance for
the DSLL arrangement increased by a factor of 1.4. For this double solenoid configuration
complete cancellation of magnetic flux in between the two Lenz lens loops occurs and thus a
higher amplification in the sample region was observed.
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Figure 5.7: Simulated B, field enhancement observed in the sample region with a DSLL insert
in a) Cross section perpendicular to the coil axis; b) Cross section parallel to the
coil axis. The B, field increase in the small region inside the anti-coil along with
nullification of field between anti-coil and flux collector can be clearly observed.
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Figure 5.8: Simulated B; field enhancement observed in the sample region with (left-half of
each image) and without (right-half of each image) a DSLL insert in a frequency
range between 200 MHz to 700 MHz along a) a cut line through center of coil
perpendicular to the coil axis; b) along the coil axis.

5.3.3 Helmholtz Lenz lens inserts (HHLL)

Two 8 pm thick Lenz lens shaped strips are defined separated by a distance of 200 um to form
a Helmholtz pair. Three such Helmholtz pairs separated by a distance of 200 pm are modeled
inside a 8 turn primary coil of diameter 4.5 mm wound from copper wire of thickness 250 um
which acts as the MAS probe coil. The combination of three Helmholtz pairs are inductively
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Figure 5.9: a) FEM simulation model of stacked HHLL inserts inductively coupled to a primary
coil which represents the coil in the probe at 200 MHz. The stacked HHLL device
consists of three HHLL devices stacked on top of each other separated by a distance
of 200 pm; b) Simulated B, field enhancement obtained in the sample region with
stacked HHLL insert.
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Figure 5.10: a) Comparison of simulated B; field at 200 MHz from a) a standalone HHLL insert
as a function of distance between them; b) a standalone and a stacked HHLL insert
separated by a distance of 200 um. A standalone insert has only one Helmholtz
coil pair whereas the stacked insert has a stack of three Helmholtz coil pairs
separated by a distance.

coupled to the probe coil. The entire model geometry is shown in Figure 5.9a. A mesh (free
tetrahedral) size of 4 pm was assigned to the Lenz lens strips.

From Figure 5.9b and Figure 5.10a, it was observed that the B, field is amplified by around
a factor of 2 in the sample region when the HHLL inserts were stacked with a gap of 200 um
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between them. For the Helmholtz configuration, complete cancellation of magnetic flux in
between the two Lenz lens loops was observed.

The flux amplification was also evaluated for various separation distances between the
HHLL inserts as shown in the Figure 5.10a. As separation distances between the inserts are
increased, the flux amplification gets reduced because of the reduced coupling between the
two neighbouring devices. Further, compared to a standalone Helmholtz insert, the stacked
insert has a more homogeneous B; field distribution in sample region as observed from
Figure 5.10b.

When it comes to thermal performance, stacked HHLL configuration was considered to
offer better performance as compared to the SSLL and DSLL. This was due to the reason
that the thickness of metallic strip of these HHLL inserts was limited to 8 um whereas the
copper wires of micro-coils in SSLL and DSLL have a thickness of 25 um. Therefore, the
thermal simulations conducted in Section 3.3.2.2 were taken as a reference and the results
were extrapolated to LLMACS insert designs.

5.3.4 Conclusion

From the simulations, it was concluded that the DSLL insert offers the best B; field amplifica-
tion among all the LLMACS designs. The double solenoid configuration was able to collect
as well focus more flux from the primary coil into sample region as well as the nullification
of flux in the region between the two connecting loops. The SSLL variant was not the most
efficient due to the planar design of the flux collector, as only part of the flux collected by it
was focused into the sample region and rest of it was distributed in between the collector
and anti-coil. The B; field amplification from the HHLL configuration was marginally lower
compared to the DSLL when the separation between the Helmholtz pair was 50 um and
decreased with increasing separation distance due to decreasing coupling between the coils.
However, as described before, the HHLL would offer improved thermal performance, i.e.,
around nine times less heat dissipation, as compared to the DSLL.

5.4 Fabrication of broadband MACS inserts

The MACS detectors that were fabricated had a square shaped footprint. However, in the
case of MALL detectors, a circular footprint would permit the fabrication of an anti-coil (flux
collector) with a larger diameter (up to 2.5 mm) as compared to the diameter (up to 1.8 mm)
for a detector with a square shaped footprint. A larger anti-coil results in the collection of
increased magnetic flux from the primary coil which gets concentrated inside the focusing
coil (inner coil). Additionally, in the case of SSLL detectors, it was observed from simulations
in Figure 5.5 that the anti-coil diameter for a 4 mm MAS system has to be more than 2.2 mm
which could be achieved only with detectors having a circular footprint. The dicing of the
MALL detectors plays a major role in their resulting footprint. It was technically not feasible
to achieve a circular footprint with typical dicing machines equipped with diamond coated
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Figure 5.11: Experimental plan for dicing using a tunable ultrafast laser

dicing blades. Hence, it was proposed to employ a laser based ablation process [234, 235],
which offers flexibility with respect to footprint shapes, to cut the pyrex substrate instead of
a standard dicing machines.

Experiments to cut the pyrex substrate were conducted using a femtosecond laser micro-
machining workstation (PS450-TO, Optec) equipped with a tunable ultrafast laser (Tangerine,
Amplitude SYSTEMES) in infrared region with a wavelength of 1030 nm and a pulse length
of 250fs. Laser parameters such as laser power, speed, pulse repetitions and firing rate
were optimized to cause least possible damage to the detectors. The optimization routine
was conducted on a substrate containing only SU-8 cylinder blocks of diameter 2 mm and
electroplated gold pads. The experimental plan for the optimization of laser parameters is
shown in Figure 5.11.

At 60 % laser power (15 W), due to the relatively high firing rate of 100 kHz required to cut
through glass, there was extreme local heating near the region of the laser beam as shown
in the Figure 5.12a. As a result, the cured SU-8 encapsulation got charred. Additionally,
there was some condensation observed on the SU-8 blocks. This is detrimental not only to
wirebonds present inside the encapsulation, but also to the capacitor plates.

To reduce the heating, a lower firing rate of 40 kHz was tried out and power was increased
to 80 % of the maximum laser power, i.e. 20 W. Using these parameters, charring of the cured
SU-8 decreased as shown in the Figure 5.12b. Nonetheless, there was some blackening of the
SU-8 pillars near the surface. Therefore, one could not completely avoid the charring of the
SU-8 encapsulation.

With a higher firing rate, the surface of the surroundings of the diced blocks also got
charred as shown in the Figure 5.13a. With lower firing rate parameters, the surface was much
more clearer as shown in the Figure 5.13b. As a solution to the issues concerning the charring
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(b)

Figure 5.12: SU-8 blocks separated from the substrate using laser ablation with a power and fir-
ing rate of: a) 15W and 100 kHz; b) 20 W and 60 kHz respectively. Due to extreme
local heating near the region of the laser beam, the cured SU-8 encapsulation gets
charred because of its organic content.

(b)

Figure 5.13: Surroundings of the substrate where a SU-8 block was separated by laser ap-
plied with power and firing rate of: a) 15W and 100 kHz; b) 20 W and 60 kHz
respectively.

of encapsulated SU-8, a modified process flow was proposed as shown in the Figure 5.14 where
about 90 % of material was removed from the 500 um thick substrate by the laser beam on
one side and further processing of metal, SU-8 structures and micro-coil manufacturing was
conducted on the other side. Thereafter, with completion of wirebonding and the subsequent
encapsulation step, individual detectors were separated with a small vertical force applied on
them.

On a 500 um surface (top side) thick pyrex substrate electroplated metal structures were
fabricated similar to process steps illustrated in Section 3.4.1. Subsequently, the opposite
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1) Fabricated metal structures 4) Fabricate 1.3 mm high SU-8 2150 posts
2) Cutting the glass using fs laser 5) Wire bond a coil made of copper around the posts
3) Coat and pattern adhesion layer 6) Encapsulate the device in SU-8 2150 and pattern
Pyrex substrate Gold . Copper SU-8 2150

Figure 5.14: Description of process flow for the fabrication of single solenoid Lenz lens inserts.

surface (back side) of the substrate was subjected to laser parameter optimization following
the experimental plan shown in Figure 5.11. The laser parameters were optimized such that
the diced part was still attached to the substrate loosely and got separated only when a small
vertical force was applied on it. In order to further reduce heating of the substrate due to
laser beam, the overlap between two consecutive laser pulses was reduced by increasing the
speed from 200 to 600. The laser power was set to 70 % of the laser power and the number
of repetitions was increased to 100 to cut through 95 % of the glass as shown in Figure 5.15.
Following the dicing process, HAR SU-8 processing was carried out on the top side of the
substrate as described in Section 4.2.1. Following the SU-8 encapsulation process, the the
cylindrical pieces were separated as shown in the Figure 5.16a with the application of a small
force from the substrate shown in Figure 5.16b. A clean separation and the absence of dangling
pieces left on the substrate suggested that laser dicing process was optimized.

5.4.1 Fabrication of SSLL and DSLL inserts

Based on the simulation model shown in Section 5.3.1, for a SSLL insert, the outer flux collector
is fabricated as a planar 2D structure and the anti-coil is realized as a solenoid whereas for a
DSLL detector both loops are solenoid coils as simulated in Section 5.3.2.
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(b)

Figure 5.15: Substrate partially diced using a femtosecond laser. a) Top side view; b) Bottom
side view. The dicing was done through the bottom side.

(b)

Figure 5.16: a) Separated SU-8 blocks from the substrate; b) Surroundings of the substrate
where a SU-8 block was separated by laser.

A 500 um thick pyrex wafer was evaporated with 20 nm/60 nm chromium and gold and
patterned to define alignment marks on the substrate. These marks function to align the diced
pattern with further processing steps. Then, backside of the glass substrate was structured with
the help of a femtosecond laser as shown in Figure 5.17a to facilitate separation of individual
inserts from the substrate. A 20 um SU-8 3025 mold®” was then spin coated and patterned for
electroplating the flux collector and contact pads. Following the electrodeposition of 8 um
gold?’, the SU-8 mold was stripped®’ and the unwanted seed layer etched as shown in
Figure 5.17b. Next, fabrication of HAR SU-8 pillars was carried out with the help of SU-8
2150 resist as detailed in Section 4.2.1. The hollow SU-8 pillars which act as sample holders
and coil support structures were designed to have a height of 1300 um and outer and inner
diameter of 550 um and 400 pm, respectively. The p-Solenoids were then fabricated as shown
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Figure 5.17: Images showing the substrate under various stages during the fabrication of
SSLL inserts. a) Pre-diced (backside) substrate; b) Electroplated collector coil and
contact pads on top side of the substrate; c) HAR SU-8 pillars and wirebonded
micro-coil (anti-coil); d) Encapsulated SSLL detector; e) Individual SSLL detector.

in Figure 5.17c using automated wirebonding process elucidated in Section 4.2.2 using an
in-house developed MATLAB®code (Section A13) and optimized wirebonding parameters
for a 25 um copper wire described in Section A15. This was followed by encapsulating the
SSLL detector in SU-8 2150 following the process steps outlined in Section 4.2.3 as shown
in Figure 5.17d. Thereafter, the individual detectors were separated from pyrex substrate by
light application of force. The final footprint of detectors had a diameter of 2.9 mm whereas
the inner diameter of the 4 mm MAS rotor is 2.96 mm.

For the double solenoid Lenz lens inserts, alignment marks on the substrate were initially
defined by patterning 20 nm/60 nm chromium and gold evaporated layer. Following the
laser structuring of the backside of the substrate as shown in Figure 5.18a, contact pads for
wirebonding were defined by electroplating as shown in Figure 5.18a. Subsequently, two con-
centric hollow SU-8 pillars were fabricated as shown in Figure 5.18b with a height of 1300 pm
as per the process steps illustrated in Section 4.2.1. The outer and inner diameter of the two
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Figure 5.18: Images showing the substrate under various stages during the fabrication of SSLL
inserts. a) Pre-diced (backside) substrate and electroplated contact pads on top
side of the substrate; b) HAR SU-8 pillars concentric to each other; ¢) Wirebonded
double solenoid micro-coils; d) Encapsulated DSLL detector and then separated
from the substrate; e) Individual DSLL detector.

pillars were 2500 pm and 2300 pm and 550 um and 400 pum, respectively. Two concentric coils
were then wound on these pillars as shown in Figure 5.18c with a wirebonder as described
in Section 4.2.2 using an in-house developed MATLAB®code described in Section A14 and
optimized wirebonding parameters for a 25 um copper wire described in Section A15. The
wirebonding step was followed by the encapsulation process as chronicled in Section 4.2.3
and shown in Figure 5.18d. This was followed by separation of the DSLL inserts from the
substrate by light application of force. The final detector footprint diameter of 2.9 mm was
similar to the SSLL inserts, thus compatible with the 4 mm MAS rotor.

The separated SSLL and DSLL inserts are shown in Figure 5.19a and Figure 5.19b respec-
tively.
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(b)

Figure 5.19: a) Separated SSLL insert; b) DSLL insert with a footprint diameter of 2.9 mm.

5.4.2 Fabrication of HHLL inserts

As proposed by Spengler et al. [128], four different designs were fabricated. The net sample
volume of 180 nl was achieved by stacking the planar Lenz lenses on the substrate.

d)

Figure 5.20: Electroplated electrodes of various designs of HHLL inserts. a) Single slit based
disk; b) Double slit based disk; c) Single slit based ring; d) Double slit based ring.
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d)

Figure 5.21: Fabricated stacked HHLL inserts. a) Single slit based disk; b) Double slit based
disk; c) Single slit based ring; d) Double slit based ring. The footprint of the
detector had a diameter of 2.9 mm.

For the Helmholtz lens inserts, following the laser dicing step, 20 nm/60 nm chromium
and gold layer was evaporated on both sides of a 210 um thick pyrex substrate followed by
electroplating the Lenz lens structures on each side. This meant the separation distance
between the Helmholtz coil pair was also 210 pm. The outer diameter of the flux collector
(outer loop) was 2900 um and inner diameter of the focusing loop was 500 pum. The cylindrical
geometry of the microfabricated inserts enable reduced footprint, thereby facilitating faster
rotation. Additionally, the reduced footprint of the detectors due to the cylindrical geometry
permits the fabrication of a larger flux collector (outer). A larger flux collector results in the
collection of more magnetic flux from the primary coil which gets concentrated inside the
focusing coil (inner coil). Stacking of the Helmholtz coil pairs was achieved by compression
bonding®’. A 5um thick layer of SU-8 3005%7 was used as the adhesive medium for the
bonding process. The critical step in this process was the partial baking of the spin-coated
photoresist. This was done to ensure that the resist maintained its adhesive nature as well
as that surface of the resist was uniform to facilitate optimum bonding process under high
pressure (5 kN) and temperature (55 °C). After the two bonding surfaces of the substrates were
brought into contact, compression bonding process was performed (EVG 510®EV Group).
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Following the bonding process, the photoresist was cross-linked with an UV exposure dose
of 300 mJ/cm? and thereafter baked at 65 °C for 2 h. Subsequently, laser ablation process was
done to separate the HHLL detectors from the substrate.

The four different designs of Helmholtz inserts achieved by stacking on top of each other
are shown in Figure 5.21.

5.4.3 Conclusion

The fabrication process for the SSLL insert was fairly straightforward, with electroplating of
the pads followed by wirebonding the coils, once the laser ablation process was optimized.
However, fabricating the double solenoids for the DSLL inserts was to some extent much more
intricate. After the completion of the wirebonding process for the inner coil, the bondhead
trajectory (Section A14) for the outer coil involved the position of the ball and wedge bonds
inside the coil boundaries while at the same time maneuvering narrow space between the two
coils without destroying the the inner coil. For the HHLL inserts, due to difficulties associated
with handling substrates of thickness 50 ym and 100 pm, a 210 um thick substrate chosen
which meant reduced By field amplification. Moreover, stacking of multiple substrates and
followed by the laser ablation process to separate the stacked HHLL inserts was cumbersome.
In spite of these issues, the major advantage offered by the HHLL inserts is their scalability.
Unlike the wirebonded detectors where further downsizing the detectors to fit into smaller
rotors was hindered by the wirebonding process, the size of the HHLL inserts can easily be
reduced down to 1 mm with only design modifications on the lithography mask.

5.5 Characterization

The fabricated Lenz lens structures are characterized for their performance. The benchtop
measurements for assessing the electrical properties of individual p-Solenoids were initially
conducted. This was followed by NMR characterization using various samples.

5.5.1 Electrical characterization

A detailed characterisation of micro-coils of diameters 0.55 mm, 0.85 mm and 3 mm with
number of turns ranging from 3 to 28 was undertaken and described in Section A8. One
important consideration was that the self-resonant frequency of the individual micro-coils
that were to be used in LLMACS detectors was well above the Larmor frequency of interest (in
this case 500 MHz). This was undertaken to reduce the influence of parasitic capacitance and
thus ensure that the micro-coils operate as inductors. It was observed that in the case of coil
with diameter of 0.55 mm, the self-resonant frequency of a 25 turns coil was around 1.5 GHz.
However, as the diameter of the coil increases, the self-resonant frequency decreases. For e.g.,
the self-resonant frequency of a 3 mm coil with 15 turns and 7 turns was around 350 MHz
and 1 GHz respectively. Therefore, the number of turns for a 3 mm outer coil was kept below 7
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Figure 5.22: S;; measurements of the DSLL outer coil to evaluate the self-resonant frequency
of the coil.

to minimize parasitic losses. This frequency behaviour was further verified by measuring the
self-resonant frequency using a sniffer coil (Section A9) as shown in the Figure 5.22 which
shows similar values to ones measured using impedance probes.

5.5.2 NMR characterization

NMR characterization of the various Lenz lens structures was done with liquid as well as solid-
state samples. The NMR experiments were essentially undertaken to evaluate the sensitivity
enhancement as well as the spectral quality offered by these broadband inserts.

5.5.2.1 SSLL

Nutation experiments were performed using a sample of 0.5 M sucrose at an excitation power
of 24 W on the 'H channel under MAS conditions of 5 kHz. The NMR signal was the highest
at pulse length of 4 ps as shown in Figure 5.23.

The observed 7/2-pulse of 4 pus was longer than the 7/2-pulse of 3.3 us observed with only
the primary coil in the probe. This suggests that there is reduction in the B; field in the sample
region.

Experiments were conducted with a SSLL insert at a 7/2-pulse of 4 us using a sample
of 500 mM sucrose at an excitation power of 24 W under MAS conditions of 5 kHz to evaluate
the sensitivity from the doublet of the anomeric proton in sucrose. However, the spectral
quality was poor as shown in Figure 5.24 and did not improve after adjusting the shim coils
in the MAS probe.

The simulation studies described in Section 5.3.2 suggested a B; field enhancement of only
around 1.5 and the presence of significant B; fields outside the sample region. The poor
spectral quality and lack of SNR boost in the sample region can be attributed to these causes.
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Figure 5.23: Nutation spectrum for SSLL insert. The nutation experiment for the SSLL insert
was performed using a sample of 0.5 M sucrose at an excitation power of 24 W
under MAS conditions of 5kHz. The sample volume was 180nl. A x/2-pulse
of 4 us was observed.

5.5.2.2 DSLL

Nutation experiments were performed using 0.1 M deionised water in D,O at an excitation
power of 24 W under MAS conditions of 5kHz. The NMR signal was the highest at pulse
length of 5 ps as shown in Figure 5.25.

The observed 7/2-pulse of 4 us was longer than the 7/2-pulse of 3.3 us observed with
only the primary coil in the probe. This suggests that there is reduction in the B; field and
conditions in the sample region are not optimal.

Experiments were conducted with a DSLL insert at a 7/2-pulse of 5 ps using a sample
of 500 mM sucrose at an excitation power of 24 W under MAS conditions of 5 kHz to evaluate
the sensitivity from the doublet of the anomeric proton in sucrose. Although, the spectral
quality was better than the one acquired from SSLL as shown in Figure 5.26, the reduction in
sensitivity is significant when compared with the spectrum from a dummy insert.

The simulation studies described in Section 5.3.2 suggested a B; field enhancement of
around 3, with a SNR boost of 2.2 in the sample region and close to zero B; field between
the sample region and outer coil. However, a significant B; field was observed between the
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Figure 5.24: Evaluation of the sensitivity enhancement achieved with a SSLL insert. This was
done by acquiring an NMR spectrum of 500 mM sucrose at an excitation power
of 24 W under MAS conditions of 5 kHz. The sample volume was 180 nl.

primary coil and the outer coil (flux collector) of the Lenz lens structure. Therefore, it can
be argued that the low sensitivity of the NMR experiment in this configuration is due to the
presence of this B; field. Since the volume occupied by the B, field in this region is higher
than the corresponding volume in the sample region, high amount of noise is picked up from
this region.

5.5.2.3 HHLL

Nutation experiments were performed using a sample of adamantane at power levels from 1 W
to 100 W on the 'H channel.

Experiments were conducted with all four variants of the stacked HHLL inserts. However,
NMR measurements did not lead to any significant signals that were observed.
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Figure 5.25: Nutation spectrum for DSLL insert. The nutation experiment for the DSLL insert
was conducted using a sample of 0.1 M water in D,0 at an excitation power
of 24 W under MAS conditions of 5kHz. The sample volume was 180nl. A
mr/2-pulse of 5 ps was observed.

5.6 Discussion

A novel concept for the development of broadband MACS detectors has been introduced. The
integration of Lenz lens structures with the primary coil of the MAS probe was verified using
analytical equations as well from FEM simulations. It was observed from simulations that the
DSLL inserts offer the highest SNR boost whereas the HHLL inserts offer a good compromise
between sensitivity boost and sample heating due to induced currents.

The major highlight from the development of broadband detectors has been their cylindrical
geometry. This geometry of the microfabricated inserts enable reduced footprint, thereby
facilitating faster rotation. Additionally, the reduced footprint of the detectors permits the
fabrication of a larger flux collector (outer). A larger flux collector results in the collection of
more magnetic flux from the primary coil which gets concentrated inside the focusing coil or
the anti-coil (inner coil).

The concept of integrating laser dicing in the process flow to fabricate detectors can be
extended for the fabrication of resonant MACS inserts. This would lead to an optimized
geometry which would result in these inserts to be able to fit inside 1.7 mm rotors as opposed
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Figure 5.26: Evaluation of the sensitivity enhancement achieved with a DSLL insert. This
was done by acquiring an NMR spectrum of 500 mM sucrose at an excitation
power of 24 W under MAS conditions of 5 kHz and comparing it with the NMR
spectrum from a dummy insert under similar excitation conditions. The sample
volume was 180 nl.

to the inserts with square footprints which would not fit inside rotors with diameter less
than 3.2 mm.

However, the NMR experiments with broadband MACS inserts did not run according
to expectations. Using SSLL and DSLL inserts, a reduction in the B; field in the sample
region was observed. There was no recorded NMR spectrum using HHLL inserts. These
experiments suggest that the broadband inserts were not functioning according to their
expected performance as noted from FEM simulations.

The ineffectiveness of these broadband inserts originates from the size of the outer coil
(flux collector) of the Lenz lens structures. Ideally, the size of the flux collector should be
as close to the primary static coil as possible, such that maximum magnetic flux from the
primary coil is focused into sample region. In MAS configuration, the limitation arises from
wall thickness of the MAS rotors and air gap between the spinning rotor and the coil in the
probe. From Figure 5.7 and Figure 5.9b, it was observed that B; field in the region between
the Lenz lens structures and the primary coil also gets amplified. Since the volume from this
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5 Broadband MACS inserts

region, approx. 10 ml, dominates the sample volume (180 nl), the coil in the probe picks up
majority of the signal from this empty region rather than that from the region where sample is
located. This was most meaningful explanation that could be provided for the non-functional
nature of these inserts experimentally.

Additionally, experiments were also conducted at various power levels and varying pulse
lengths to verify if at all it was possible to acquire signals only from the ’sample region’.
However, the attempts were not successful. As a future work, MRI experiments could be
performed using these inserts to obtain B; field maps to cross-verify these conclusions.
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6 Conclusion and outlook

In spite of numerous endeavors towards miniaturization of NMR detectors [108], there is
a compelling argument that the end users have not substantially reaped the benefits of
the advancements in miniaturization in NMR [236]. To this end, this thesis reports on the
development and scaling up of the fabrication of NMR micro-detectors as a part of the effort
to address the gap in accessibility to miniaturized detectors for the NMR community.

6.1 Conclusion

The major contribution from this work is a microfabricated NMR micro-detector for MAS
application that has been fully characterized with respect to its electrical, thermal and NMR
performance. Additionally, a robust wafer scale fabrication process for these detectors has
been demonstrated.

The microfabricated NMR micro-detector acts as a micro-resonator tuned to the Larmor
frequency of interest using a combination of a micro-coil and an on-chip capacitor. The on-
chip capacitor for the MACS sensor, which was introduced by Badilita et al. [11], has facilitated
the move away from employing a soldered discrete component as a tuning capacitor. However,
this change to have the capacitor on-chip significantly reduced the NMR performance of the
sensor. Therefore, a comprehensive study was undertaken as a part of this work to evaluate
the functioning of these on-chip passive components from the perspective of electrical as well
as thermal characteristics. Among the two variants considered, the parallel plate capacitor
was deemed to be the most suitable to be integrated in a MACS detector because it satisfied
the criteria of minimum required Q factor as well as the intensity of eddy currents induced in
the electrodes being lower. Additionally, this design also offered the flexibility to reduce the
footprint of the detectors, if required, to combine with smaller diameter MAS rotors.

The on-chip capacitors were then combined with the inductive component of the micro-
resonator, i.e., a micro-coil. A combination of SU-8 lithography and automated wirebonding
aided in establishing a robust process flow to obtain the micro-resonator. Significant progress
was made to SU-8 lithography step as compared to the existing process [11] and as a result the
length of the micro-coil doubled and the diameter of the coils reduced by a factor of 1.3 to 1.8,
thus improving the B; field homogeneity. A special emphasis was placed on establishing a
reproducible process for these detectors. The wafer scale fabrication process flow established
during this thesis allows to circumvent the serial manufacturing process of handwinding
copper wires around capillaries and soldering/spot welding the ends of the wire to a discrete
capacitor.
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6 Conclusion and outlook

The batch fabricated MACS micro-resonators have been benchmarked with respect to
their electrical, thermal and NMR behaviour. A factor of 6 sensitivity gain has been observed
with these detectors. The normalized limit of detection (nLOD,,) [190], which is a measure
of sensitivity, was evaluated to be approx. 13 nmoly/s at 500 MHz. This value is marginally
better compared to the previous version [11]. Additionally, this value also compares favorably
to other microfabricated solenoidal micro-coils that have been reported [109, 110, 165]. How-
ever, there has been a significant improvement in the linewidths offered by current device
(0.01 ppm), as compared to the older variant (1 ppm) of the microfabricated MACS detector.
This is attributed to all the modifications that have been implemented in the current device
such as the coil wire, SU-8 packaging, higher aspect ratio of the micro-coil and so on.

The strong RF excitation power provided by MACS micro-coils has been demonstrated
by conducting a heteronuclear 2D NMR experiment where this feature is harnessed during
the 'H decoupling step. Additionally, this thesis has demonstrated, for the first time, !H
NMR metabolic profiling of an intact single zebrafish embryo, thus affirming the suitability
of these detectors for metabolomic studies. The concentration limit of detection (cLOD,,) as
introduced by Finch et al. [119] in the framework of metabolite profiling is approx. 320 mM-+/s.
Although the reported value for the current device is higher as compared to the value for
a stripline resonator [119], this is attributed to the very small amount of sample that the
MACS detector can accommodate. There have been a few other efforts on metabolite profiling
using the MACS technique [237] and the best reported 'H resolution was 0.004 ppm [150].
The reported sensitivity enhancement was in the range of 3 to 14. Therefore, the current
microfabricated MACS detector has still some room for improvements.

Further, a novel concept for a MACS micro-detector with operational capabilities across a
wide frequency range has been introduced. The design of these broadband detectors were
based on Lenz lens structures [128, 229], that are essentially two connected conducting loops
sans tuning elements. Three different designs were conceptualized and FEM simulations
displayed promising results with SNR improvements of >2 for the DSLL and HHLL designs.
Innovative techniques were employed to materialize these designs including the novel double
winding approach for the DSLL detectors and multiple substrate bonding method for the
HHLL inserts. However, the experimental investigation of these detectors were not successful
in replicating the simulation results. After conducting multiple investigations, a plausible
argument to explain stark deviation in the NMR performance of these detectors was that bulk
of the NMR signal was picked up from the empty region between the Lenz lens structures
and the primary coil rather than that from the region where sample is located.

Finally, a new technology and a process flow has been demonstrated to singulate the
MACS detectors by means of laser. This process will facilitate MACS inserts with cylindrical
geometry, thus reducing their footprint and make them compatible with smaller diameter
MAS rotors.
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6.2 Outlook

Considering the advancements that have been reported in this thesis on the efforts to paral-
lelize the production of MACS detectors, there is still some scope for improvements. The ease
of deployment of these MACS detectors for NMR measurements along with their operational
performance would define their acceptance in the NMR community.

A factor of 6 sensitivity enhancement using the current MACS micro-resonators was
obtained. However, due to issues relating to the limited range of the tuning and matching
capacitors of the MAS probe used in the project, the full scope of sensitivity gain offered by
these detectors could not be realized (Section 2.5.2). Therefore, an HRMAS probe with a broader
range of tuning and matching capacitors could be engaged to recover the additional 45 to 55 %
loss in sensitivity due to 30 MHz mis-tuned detectors used in this thesis. Further reduction in
footprint of these detectors would lead to their integration in MAS rotor sizes down to 2.5 mm.
This would mean access to faster rotation speeds. Another route to achieving faster spinning
speeds would be to combine these MACS inserts with spherical rotors [65, 67]. Moreover,
by combining with spherical rotors, there is an opportunity for additional improvement in
sensitivity enhancement by means of DNP [66].

There has been a steady growth in NMR-based metabolomic studies over the past two
decades [238, 239]. This has extended into HRMAS studies [240, 241] due to the advantage
that it enabled analysis with intact tissue samples as opposed to working with tissue extracts.
This advantage was showcased in this thesis by acquiring metabolite information from a
single intact zebrafish specimen. However, the best spectral resolution of 0.01 ppm offered by
these detectors was inferior to accepted linewidth of 0.005 ppm [241] for HRMAS studies. One
way to reach this target would be to integrate pu-gradient structures [242] or by the addition
of passive shims [210] in the MAS stator or shim-on-chip designs [243] to achieve a more
localized shimming of the field across the sample.

High-sensitivity, spectral resolution, spectral repeatability and sample preparation are seen
as the four cornerstones for metabolic investigations. Due to the nl and pg sample amounts
associated with the MACS experiments, sample preparation strategy is quite challenging and
demands specialized skills and distinct set of tools [135, 244]. Different sample morphologies
further compounds the issue. In this work, u-pipettes and p-funnels along with set of standard
HRMAS sample preparation tools [238] were utilized for sample loading and have been
explained in the Section 4.3.3. However, the strategies described here still involves plenty
of manual operations and thus tied to the patience and skills of the operator. An automated
sample loading and sealing strategy could go a long way towards ensuring sample integrity
and data reproducibility, thus simplifying the task for the NMR spectroscopist.

Another useful tool designed for improving the micro-coil MAS NMR field was the broad-
band detectors introduced in this work. However, due to poor experimental performance of
these detectors, they are yet to show their intended usefulness and further investigations are
necessary. A rational approach would be to test their performance in MAS systems smaller
than 4 mm as the air gap between the static coil and the rotor would be reduced. This would
result in larger magnetic flux collection and thus increase in B; field amplification in the
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6 Conclusion and outlook

sample region. A working broadband detector would bring about a large scale improvement
in sensitivity of heteronuclear MAS NMR experiments.

Further, establishing a wafer scale manufacturing process for these MACS detectors will
drastically reduce their manufacturing cost and this cost reduction will lead the way towards
disposable-NMR procedures, thereby completely eliminating cleaning routines. This will
greatly enhance throughput and reduce sample cross contamination.
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Al Zebrafish husbandry and embryo culture

Ethics statement: All zebrafish husbandry was performed in accordance with the Ger-
man animal protection standards and approved by the Government of Baden-Wiirttemberg,
Regierungsprasidium Karlsruhe, Germany (Aktenzeichen 35-9185.64/BH KIT).

Adult zebrafish (AB strain) were bred and raised following standard protocols [245]. Briefly,
breeding couples were placed into mating tanks in the evening, and eggs were collected from
natural spawnings in the morning. Unfertilized eggs were removed, and developing embryos
were kept in 10 cm petri dishes (633180, Greiner Bio-One) containing E3 medium [246] without
methylene blue at 28 °C. Hatching from the chorions (eggshells) occurred spontaneously 48
hours post fertilization (hpf).

A2 Larmor frequency of some common isotopes at 11.74 T

Table A.1: Larmor frequency of some common isotopes at 11.74 T

Isotope | Natural Abundance | Gyromagnetic ratio (y/2 - 7) | Larmor frequency at 11.74 T
% (MHz/T) (MHz)
H 99.984 42.576 499.842
’H 0.0156 6.541 76.791
14 92.41 16.546 194.250
B¢ 1.108 10.705 125.676
BN 0.366 -4.317 50.684
170 0.038 -5.771 67.758
F 100 40.053 470.222
23Na 100 11.262 132.215
27Al 100 11.103 130.349
sip 100 17.235 202.339
Sy 99.75 11.177 131.217
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A3 Magic angle spinning probe calibration

Meanwhile, calibration of the MAS probe to the magic angle has been undertaken. The precise
setting of the magic angle is mandatory to obtain the maximum spectral resolution obtained
by MAS. In order to adjust the magic angle, a sample is needed with an NMR line that is
very sensitive to angle misalignment. Potassium bromide (KBr) is common sample used for
the magic angle calibration with 7Br being the nucleus observed. The Larmor frequency
is 125 MHz at 11.7 T. The rotor is completely filled with sample of KBr and the sample is spun
at 5 kHz.

7Br spectrum of KBr is obtained at the initial set-up as shown in the Figure A.1a. The lack
of significant number of sidebands suggest that the probe is off-magic angle. The magic angle
setting is then slightly changed by turning the micrometer screw at the bottom of the probe.
Another spectrum is obtained and the procedure is repeated until the magic angle setting
is optimal. The spectrum at the best setting is shown in the Figure A.1b with significant
number of sidebands which have higher intensity as well as narrower as compared to original
spectrum.
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MAS spged :5kHz MAS speed : 5 kHz
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Figure A.1: a) "’Br spectrum of KBr off magic angle. b) 7Br spectrum of KBr at magic angle.

A4 Sample preparation for NMR experiments

During the course of this work, a number of samples of standard solutions of glucose, sucrose
and ethanol with differing concentrations have been prepared. Deuterium oxide(D,0) has
been used as the solvent for all solutions.

For e.g. to prepare a 500 mM sample of sucrose in 10 ml of D,O, it is important to calculate
the amount by weight of sucrose that has to be dissolved in D,O. This can be done by knowing
the molar value and molecular weight of sucrose which is 342.3 g/mol. A concentration
of 500 mM sucrose multiplied by the molecular weight of sucrose gives the amount of sucrose
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A5 Calculation of proton concentration in a solution

in a litre of solution, i.e., 171.15 g. For a 500 mM concentration in 10 ml, amount of sucrose to
be dissolved is 1.7115 g.

Similarly, molecular weight of other solutes such as glucose, TSP and ehtanol are 180.156 g/mol,
146.26 g/mol and 46.07 g/mol respectively.

A5 Calculation of proton concentration in a solution

The 'H NMR spectrum of sucrose contains various signatures from the 22 proton nuclei in it.
Therefore, to ascertain the sensitivity of the NMR experiment, the first step is to calculate
amount of proton nuclei in the sample inside the detector. The density of sucrose and D,0
is 1.59 g/ml and 1.107 g/ml respectively. Considering that the sample volume in a MACS
detector is 380 nl and 1.7115 g of sucrose was dissolved in 10 ml of D,O, the amount of sucrose
inside the MACS detector was calculated.

1.7115¢
1.7115g(%) +10ml

(380nl) - ( ) = 0.0000587¢ (A.1)

From the amount of sucrose, the amount of protons contained in that amount calculated.

1mole 22moleH
(0.00005879) - ( ) - (
342.3¢ 1mole

) = 3.77umole (A.2)

Therefore, 3.77 pmole of H was present in 380 nl of 500 mM sucrose.

A6 Instructions for liquid sample filling

Cut a piece of Applied Biosystems® tape according to the upper area of the MACS chip.
Remove the protective foil and keep it ready for the final step, i.e., sealing the sample inside
the coil.

1) Take off one side of the double sided tape using the tweezers.

2) Stick the tape onto the sturdy metal base and bring it under the microscope.

3) Remove the upper cover of the tape.

4) Stick the MACS chip onto the tape with the help of tweezers. Try to ensure that the entire
bottom surface of the MACS chip has stuck to the tape

5) Focus the lens on the sample holder (hole) of the MACS chip.

6) Charge the pipette with the sample. Ensure there are no bubbles along the long flexible tip.
Fully insert the tip down to the bottom of the sample holder of the MACS chip and smoothly
start to dispense the sample.

7) Focusing the microscope onto the bottom of the sample holder, make sure the liquid sample
is nicely wetting the bottom of the sample holder. Continue filling the sample holder with the
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sample trying to remove the pipette tip as the sample holder gets filled up.

8) Upon complete removal of the pipette tip, a small amount of sample overflows onto the
surface of the MACS chip.

9) Again make sure there are no bubbles inside.

10) With the help of the very sharp tweezers place the optical adhesive tape from Applied
Biosystems® prepared in step 0) onto the top of the MACS chip, and using the flat tip tweezers
press against the tape trying to eliminate any air bubble which may tend to get trapped in the
sample holder. Seal the sample holder as fast as possible. This step may be very time critical
for highly volatile sample (e.g. ethanol, ethanol mixture).

11) Remove the MACS coil from the double sided tape and insert it into a MACS rotor.
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AT Fabrication process parameters

Plasma cleaning
Pressure: 10 mTorr, O, flow rate: 50 sccm, Power: 120 W.

Plasma activation
Pressure: 10 mTorr, O, flow rate: 50 sccm, Power: 10 W.

Resist stripping using O, Plasma
Pressure: 450 mTorr, O, flow rate: 50 sccm, N, flow rate: 50 sccm, CF, flow rate: 70 sccm,
Power: 1200 W, Temperature: 22 °C, Frequency: 2.45 GHz.

Electrodeposition of Gold
Duty cycle: 33%, Current density: 3 mA/mm?, Deposition rate: 52.1 nm/min, Frequency:
0.67 Hz.

SU-8 3005 processing for 5 um thick adhesion layer
Spin coating 4 ml of resist

Duration (s) Acceleration (rpm/s) Speed (rpm)

10 100 500

60 300 3000

10 500 0

Soft baking

Ramp up or down time Temperature (°C) Dwell time (min)
(min)

1 95 5

5 22 -

Exposure: 150 mJ/cm?

Post exposure bake

Ramp up or down time Temperature (°C) Dwell time (min)
(min)

1 95 2

5 22 -
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SU-8 3025 processing for 20 pym thickness

Spin coating 4 ml of resist

Duration (s) Acceleration (rpm/s) Speed (rpm)

10 100 500

60 300 4000

10 500 0

Ramp up or down time Temperature (°C) Dwell time (min)
(min)

1 95 13

5 22 -

Exposure: 400 mJ/cm?

Post exposure bake

Ramp up or down time Temperature (°C) Dwell time (min)
(min)

1 95 5

5 22 -

Standard SU-8 development

Used PGMEA solution: 10 min, Fresh PGMEA solution: 20 min, Isopropanol: 20 min,
Dehydration bake on a hotplate at 150 °C: 5 min.

AZ4533 processing for 4 um thickness
Spin coating 4 ml of resist

Duration (s) Acceleration (rpm/s) Speed (rpm)
10 100 500

30 300 2500

10 500 0

Softbaking: 100 °C for 50 s on a hotplate.
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Exposure: 150 mJ/cm?
Development:AZ 726 MIF (metal ion free) developer for 2 min.

AZ BarlLi anti-reflection coating
Spin coating 4 ml of BarLi

Duration (s) Acceleration (rpm/s) Speed (rpm)
10 100 500

30 300 3000

10 500 0

Baking: 200 °C for 1 min.

Wafer bonding

Temperature: 55 °C, Duration: 300 min, Force: 5 kN, Cool down duration: 300 min.

Standard cleaning

Acetone: 10 min, Isopropanol: 10 min, Rinse in DI water: 10 min, Dehydration bake on

a hotplate at 200 °C: 5 min.

A8 Electrical characterisation of micro-coils
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Figure A.2: The inductance and self-resonant frequencies of various micro-coils fabricated
from a 25 pm thick copper wire having a diameter of 550 um with different number

of turns.

The electrical characterization of the micro-coils was performed on an impedance ana-
lyzer (Agilent E4991A) connected to a probe station (Cascade Microtech MPS150) set up
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with a Z-probe (Z0-20-K3N-GS-500,Cascade Microtech GmbH). The inductance and self-
resonant frequencies of various micro-coils having three different diameters of 550 pm, 850 pm,
and 2550 um respectively fabricated from 25 pm thick copper wire with different number of
turns were noted down.
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Figure A.3: The inductance and self-resonant frequencies of various micro-coils fabricated
from a 25 pm thick copper wire having a diameter of 850 pm with different number
of turns.

Five coils of each type (specific diameter and number of turns) were measured and plotted
as shown in the Figure A.2, Figure A.3 and Figure A.4 respectively. The length of micro-coils
was fixed at 800 um, except for coils with number of turns in the range from 3 to 5.
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Figure A.4: The inductance and self-resonant frequencies of various micro-coils fabricated
from a 25pum thick copper wire having a diameter of 2550 pm with different
number of turns.
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A9 Automated stage

A9 Automated stage

After the SU-8 support structures on the wafer are wirebonded, the NMR sensors are charac-
terized for their self-resonant frequency. To this end, an automated stage system is developed
to characterize individual detectors on the wafer as shown in the Figure A.5. !

The mechanical assembly consists of an integrated xy-stage on which the wafer chuck is
mounted. The wafer is held in place on the chuck using vacuum. The xy-stage facilitates
motion of the wafer in a plane. The integrated xy-stage has a travel range 154 mm x 154 mm
with a resolution of 1 pm. The diameter of the wafer is 100 mm. Therefore, the travel range is
suitable for wafer scale measurements. The integrated XY stage is mounted on the top of a
motorized focus block which provides movement in the vertical direction (Z). The focus block
allows a travel range of 38 mm with a resolution of 20 nm . The entire setup is connected to the
computer through a controller using RS 232 interface. The automated stage has been procured
from PRIOR Scientific®. Using MATLAB® as the software interface, the stage movement is
controlled and supervised from the control station (computer).

Automated stage Sniffer coil

Vaccuum line RF line to
Network Analyser

. ’v o
r- )
“. -’ 4

» -« < <

¥p - r - s ‘

e T .
» “.7" 5 (‘) - &7

> - - v - & -

MACS Sensor

Wafer on a chuck

Figure A.5: Automated stage for RF characterization of the NMR sensors at the wafer scale.

The MACS sensors are characterized with the help of a undercoupled sniffer coil using
a vector network analyser (E5071C, Keysight® Stuttgart, Germany). The network analyser
is connected to the computer with help of USB/GPIB interface and MATLAB®. The sniffer
coil which is inductively coupled to the MACS sensor is used to measure the S-parameter

'This work was done under the framework of a Master thesis by Pratik Choudhary [247]
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Figure A.6: S-parameter characterization of the NMR sensor using the vector network anal-
yser. The S;; measurement differentiates between a working and non-working
prototype.

(S11) characteristics of the sensor using the network analyser as shown in the Figure A.6.
The acquired data is plotted simultaneously in MATLAB® environment and stored in the
computer. From the Figure A.6, it is inferred that a functional NMR sensor is characterized by
a dip in S;; graph at the resonant frequency whereas the non-functional sensor does not show
a significant dip. Moreover, from the S;; characterization, the other performance parameters
of the NMR sensor, namely, the quality factor, inductance etc. can be derived.

97 6

ou -
ors 210
nctonal N 9

Figure A.7: Mapping of the characterized MACS coils on the wafer. Resonant frequency is in
MHz.

The measured NMR sensors are then mapped onto the wafer as shown in the Figure A.7 at
their respective positions and the resonant frequency tabulated. After the completion of data
acquisition, the NMR sensors are separated into three categories as shown in the Figure A.7.
For the test wafer, approx. 300 NMR sensors are fabricated on it. The detectors which satisfy
the quality factor criteria (>25) and are close to the target resonance frequency (say, 500 MHz
with a tolerance range of + 3 %) are noted. The map shows that 210 sensors are within the
tolerance range between 485 MHz to 515 MHz. These sensors are then followed up with the
packaging and NMR characterization. From the collection, NMR sensors which are away
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from the tolerance range and the sensors with resonant frequency close to 465 MHz (Larmor
frequency of 1°F nuclei) are separated. Therefore, the number of sensors that can be recovered
is also estimated.

A10 Calibration of Z probes

To the network or ~
impedance a’nalysg&,,
o gl

51

50 e d

Impedance (1))

1 5 10 50 100 5001000
Calibration substrate el Frequency(MHz)

(b)

Figure A.8: a) Calibration of the Z-probe with an impedance substrate; b) 50 Q calibration of
the Z-probe.

An impedance analyzer (Agilent E4991A) connected to a probe station (Cascade Microtech
MPS150) set up with a Z-probe (Z0-20-K3N-GS-500) from Cascade microtech GmbH is used
for electrical characterization of the capacitor and micro-coils. Open circuit, closed circuit,
and 50 Q calibration of the Z-probe was carried out prior to measurements using an impedance
standard substrate. Figure A.8a shows the Z-probe in contact with the calibration substrate.
The calibration substrate contains metal structures in different configurations in open, short
and 50 Q lines. The inductance, capacitance and resistance of each structure are input into
the impedance analyser before the calibration process. Following the calibration process,
verification is done on the 50 Q line as shown in the FigureA.8b.

A1l Background signal from SU-8

The background signal that was observed from a blank rotor and SU-8 epoxy which is a
constituent part of the MACS device is determined.

A broad peak was observed from SU-8 epoxy between 7-10 ppm as shown in the Figure A.9.
The 4 mm zirconia rotor was filled with around five cylindrical blocks of SU-8 which are 1.5 mm
thick and 2.85 mm in diameter and the MAS coil was used for excitation and acquisition. For
the control experiment, clean empty zirconia rotors were employed.

An additional peak was observed in NMR spectrum of the blank rotor which was not
present in the spectrum of the rotor with SU-8. This peak is attributed as a ringing artifact
from the high Q MAS probe coil which has been isolated as shown in the Figure A.9b.
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—— Blank rotor Power 124 W
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Figure A.9: a) SU-8 background spectrum acquired from five cylindrical blocks of SU-8 using
the MAS coil for excitation and acquisition; b) Isolating the ringing artifact from
the rotor background. Adapted with permission from [148] Copyright 2019 ©Royal

Society of Chemistry.

Al12 Process capability index

The process capability index is useful to evaluate the proximity of process performance to its
specification limits taking into account natural variations of the process. It is a measure of
accuracy and consistency of the process to adhere to its specifications. In the industry which
follow six sigma quality control standards [208], Cpk index of > 1.67 is required. However,
introduction of new processes usually result in lower values and generally Cpk value of 1.33

is acceptable.
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Figure A.10: a) Distribution of gold electroplating thickness for 5 substrates; b) Cpk values

for gold electroplating thickness.
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Figure A.11: a) Distribution of dielectric thickness for 5 substrates; b) Cpk values for dielectric
thickness.
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Figure A.12: a) Distribution of SU-8 pillar heights in 5 substrates; b) Cpk values for SU-8 pillar
height.

The measurement distribution as well as the Cpk trend for the electroplating, dielectric
grinding and HAR SU-8 lithography process is illustrated in Figure A.10, Figure A.11 and
Figure A.12 respectively. The measurement values show that although the values are within
the specification limits, there is significant variation in the process.

A13 Matlab code to generate the bondhead trajectory for
a 850 um coil

function coilsPad500

Diameter = 1650e-6;
Windings = 0.5 + 11;
vTime = 10.2;
DistPerWinding = 85e-6;
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Rotationangle = pi/2;

vXEndPos = Oe-6;
vYEndPos = 1550e-6;
vZStartPos = 200e-6;
vZSearchPos = 80e-6;

padSizeX = 400e-6;
padSizeY = 300e-6;
padPostDistanceBlankY = 200E-6;
corrFactorZup = 0.99;
corrFactorEnd = 200;
postDiameter = 500e-6;
postHeight = 1400e-6;
[postX,postY,postZ] = cylinder;
postX = postX * postDiameter/2;
postX = postX + vXEndPos/2; postY = postY * postDiameter/2;
postY = postY + padSizeY/2 + padPostDistanceBlankY + postDiameter/2; postZ = postZ *
postHeight;
x.Vmax = 0.95;
x.Amax = 71.1;
x.Rmax = 67028;
y.Vmax = 0.95;
y.Amax = 71.1;
y.Rmax = 67028;
z.Vmax = 1880;
z.Amax = 533.0;
z.Rmax = 502714;
Ts = 164.5e-6;
f = Windings/vTime;
vRampTime = 0.04;
vRampTicks = round(vRampTime/Ts);
vRampUp = -(1/(vRampTicks?))*([0:-vRampTicks-1] - (vRampTicks)).2 + 1;
vRampDown = fliplr(vRampUp);
vRampCurve = cumsum(vRampUp);
vDiff = round(vRampCurve(end));
t = [vVRampUp, ones(1,round(vTime/Ts-2*vDiff-corrFactorEnd*vTime/Windings)), vRamp-
Down]; t = cumsum(t*Ts); time = 0:Ts:(length(t)-1)*Ts;
circleOffset = pi/8;
x.pos = Diameter/2 * (-1)*sin(2"pi*f*t+circleOffset);
X.pos = X.pos - X.pos(1);
x.pos = [x.pos(1) x.pos];
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x.pos = x.pos + vXEndPos/2 - sin(circleOffset)*Diameter/2;

y.pos = Diameter/2 * (-1)*cos(2*pi*f*t+circleOffset);
y.pos = y.pos - y.pos(1);
y.pos = [y.pos(1) y.pos];
y.pos = y.pos + padSizeY/2 + padPostDistanceBlankY + postDiameter/2 - (cos(circleOffset)*Diameter/2);

DistanceZ = Windings*DistPerWinding;
zUpVmax = DistanceZ/vTime(end)*corrFactorZup;

para.xstart = 0.0;
para.xend = DistanceZ;
para.vmax = zUpVmax;
para.amax = z.Amax;
para.rmax = z.Rmax;
para.drf = 1.0;

seg = StandardMotionAlgo(para); [tZ, z.jerk, z.acc, z.vel, z.pos] = Movement(seg);

if length(z.pos) < min(length(x.pos), length(y.pos))
error(’z-axis: move too short’)
end;

z.pos = z.pos(1:end-5);

zonly = length(z.pos) - length(x.pos);
X.pos = [x.pos, ones(1, zonly)*x.pos(end)];
y.pos = [y.pos, ones(1, zonly)*y.pos(end)];

vPos(1) = 0;
vPos(2) = x.pos(1);
vPara(1) = x.Rmax/3000;
vPara(2) = x.Amax/300;
vPara(3) = x.Vmax;
vPara(4) = Ts; [acc, vel, pos] = int_rtab(GetRedRuckTable(vPos, vPara), Ts); xstart.acc = acc’;
xstart.vel = vel’; xstart.pos = pos’;
vPos(1) = x.pos(end);
vPos(2) = vXEndPos;
vPara(1) = x.Rmax/1000;
vPara(2) = x.Amax/10;
vPara(3) = x.Vmax;
vPara(4) = Ts; [acc, vel, pos] = int.rtab(GetRedRuckTable(vPos, vPara), Ts); xend.acc = acc’;
xend.vel = vel’; xend.pos = pos’ + x.pos(end);
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vPos(1) = 0;
vPos(2) = y.pos(1);
vPara(1) = y.Rmax/3000;
vPara(2) = y.Amax/300;
vPara(3) = yVmax;
vPara(4) = Ts; [acc, vel, pos] = int.rtab(GetRedRuckTable(vPos, vPara), Ts); ystart.acc = acc’;
ystart.vel = vel’; ystart.pos = pos’;
vPos(1) = y.pos(end);
vPos(2) = vYEndPos;
vPara(1) = yRmax/1000;
vPara(2) = y.Amax/10;
vPara(3) = y.Vmax;
vPara(4) = Ts; [acc, vel, pos] = int.rtab(GetRedRuckTable(vPos, vPara), Ts); yend.acc = acc’;
yend.vel = vel’; yend.pos = pos’ + y.pos(end);
vPos(1) = 0;
vPos(2) = vZStartPos;
vPara(1) = z.Rmax/1000;
vPara(2) = z.Amax/10;
vPara(3) = zVmax;
vPara(4) = Ts; [acc, vel, pos] = int.rtab(GetRedRuckTable(vPos, vPara), Ts); zstart.acc = acc’;
zstart.vel = vel’; zstart.pos = pos’; z.pos = z.pos + zstart.pos(end);
vPos(1) = z.pos(end);
vPos(2) = vZSearchPos;
vPara(1) = z.Rmax/1000;
vPara(2) = z.Amax/10;
vPara(3) = zVmax;
vPara(4) = Ts; [acc, vel, pos] = int.rtab(GetRedRuckTable(vPos, vPara), Ts); zsearch.acc = acc’;
zsearch.vel = vel’; zsearch.pos = pos’ + z.pos(end);
xyWait = length(xstart.pos) - length(ystart.pos);
if xyWait < 0
x.begin = [zeros(1,length(zstart.pos)), xstart.pos, ones(1,abs(xyWait)) * xstart.pos(end)];
y.begin = [zeros(1,length(zstart.pos)), ystart.pos];
else
x.begin = [zeros(1,length(zstart.pos)), xstart.pos];
y.begin = [zeros(1,length(zstart.pos)), ystart.pos, ones(1,abs(xyWait)) * ystart.pos(end)];
end

x.posSize = length(x.begin);
z.posSize = length(zstart.pos);
zWait = x.posSize - z.posSize;
if zZWait > 0
z.begin = [zstart.pos, ones(1,zWait) * zstart.pos(end)];
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else
z.begin = zstart.pos;
end

x.pos = [x.begin x.pos xend.pos];
y.pos = [y.begin y.pos yend.pos];
z.pos = [z.begin z.pos];
endHeight = z.pos(end)
x.posSize = length(x.pos);
y.posSize = length(y.pos);
z.posSize = length(z.pos);
z.pos = [z.pos, ones(1,max(x.posSize-z.posSize,y.posSize-z.posSize)) * z.pos(end), zsearch.pos];

x.pos = [x.pos, ones(1, length(z.pos)-length(x.pos))*x.pos(end)];
y.pos = [y.pos, ones(1, length(z.pos)-length(y.pos))*y.pos(end)];

if Rotationangle > 0
for i=1:length(z.pos)
x.pos1(1,i)=(x.pos(1,i)*cos(Rotationangle)+sin(Rotationangle)*y.pos(1,i));
y.pos1(1,i)=(-1)"x.pos(1,i)*sin(Rotationangle)+cos(Rotationangle)*y.pos(1,i);
end
X.pos=x.posl;
y.pos=y.posl;
end;

x.vel = [diff(x.pos), 0]/Ts;
x.acc = [diff(x.vel), 0]/Ts;
y.vel = [diff(y.pos), 0]/Ts;
y.acc = [diff(y.vel), 0]/Ts;
z.vel = [diff(z.pos), 0]/Ts;
z.acc = [diff(z.vel), 0]/Ts;

if max(x.vel) > x.Vmax,
plot(x.pos)
plot(x.vel)
error(’x-axis: vmax’);
end;
if max(x.acc) > x.Amax,
plot(x.acc)
error(’x-axis: amax’)
end;
if max(y.vel) > yVmax,
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plot(y.vel);
error(’y-axis: vmax’)
end;

if max(y.acc) > y.Amax,
plot(x.acc);
error('y-axis: amax’)
end;

if max(z.vel) > zVmax,
plot(z.acc);
error(’z-axis: vmax’)
end;

if max(z.acc) > y.Amax,
plot(z.acc);
error(’z-axis: amax’)
end;

duration = length(x.pos)*Ts;
entries = length(x.pos);
if entries > 64000,
entries

duration

error('max entries exceeded’)
end;

xx = [x.pos’ x.vel’ x.acc’];
save(’coils.x_table.txt’, -ascii’, -double’, "xx’);
yy = [y.pos’ y.vel’ y.acc’]; save(’coils.y-table.txt’, *-ascii’, *-double’, 'yy’);
zz = [z.pos’ z.vel’ z.acc’]; save(’coils.z table.txt’, -ascii’, >-double’, *zz’);

surf(postX, postY, postZ);
hold on
plot3(x.pos, y.pos, z.pos, Color’,red’; LineWidth’,2);
xlabel(’ itx rm-axis (m)’)
ylabel(’ ity rm-axis (m)’)
zlabel(’ itz rm-axis (m)’)
xlabel(’ bfx-axis (m)’)
ylabel(’ bfy-axis (m)’)
zlabel(’ bfz-axis (m)’)
axis equal
axis equal
hold off
view([0 90])
figure(1)
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view([0 0])

figure
plot(x.vel)
title("vel’)
figure
plot(x.acc)
title(Cacc’)
figure
comet3(x.pos, y.pos, z.pos);

Al14 Matlab code to generate the bondhead trajectory for a
DSLL coil

function coils

answer=questdlg(’Select the coil?’, ’Choice’, ‘Inner’, ’Outer’, 'Inner’);
switch answer
case 'Inner’

Corrfac2=0.98
Diameter = 1050e-6;
Windings = 6;
vIime = 4;
DistPerWinding = 100e-6/Corrfac2;
Rotationangle = pi/2;

vXEndPos = 1260e-6;
vYEndPos = 0e-6;
vZStartPos = 350e-6;
vZSearchPos = 150e-6;

padSizeX = 300e-6;
padSizeY = 600e-6;
padPostDistanceBlankY = 00e-6;

corrFactorZup = 0.99;
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circleOffset = 4.7/4*pi/2;
corrFactorEnd = 3550;

postDiameter = 650e-6
postHeight = 1000e-6;

case 'Outer’
Corrfac2=1
Diameter = 2950e-6;
Windings = 2
vTime = 1.8;
DistPerWinding = 450e-6/Corrfac2;
Rotationangle = pi/2;

vXEndPos = 1460e-6;
vYEndPos = 0e-6;
vZStartPos = 200e-6;
vZSearchPos = 230e-6;

padSizeX = 300e-6;
padSizeY = 600e-6;
padPostDistanceBlankY = 00e-6;

corrFactorZup = 0.99;
circleOffset = pi/2;
corrFactorEnd = 3050;

postDiameter = 2600e-6;
postHeight = 1000e-6;
end

[postX,postY,postZ] = cylinder;
postX = postX * postDiameter/2;
postX = postX + vXEndPos/2;
postY = postY * postDiameter/2;
postY = postY + padPostDistanceBlankY;
postZ = postZ * postHeight;
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x.Vmax = 0.95;
x.Amax = 71.1;
x.Rmax = 67028;
y.Vmax = 0.95;
y.Amax = 71.1;
y.Rmax = 67028;
z.Vmax = 1880;
z.Amax = 533.0;

z.Rmax = 502714;

Ts = 164.5e-6;
f = Windings/(Corrfac2*vTime);
vRampTime = 0.04;
vRampTicks = round(vRampTime/Ts);
vRampUp = -(1/(vRampTicks?))*([0:vRampTicks-1] - (vRampTicks))? + 1;
vRampDown = fliplr(vRampUp);
vRampCurve = cumsum(vRampUp);
vDiff = round(vRampCurve(end));

t = [vRampUp, ones(1,round(vTime*Corrfac2/Ts-2*vDiff-corrFactorEnd*vTime*Corrfac2/Windings)),
vRampDown];
t = cumsum(t*Ts);
time = 0:Ts:(length(t)-1)*Ts;

x.pos = Diameter/2 * (-1)*sin(2"pi*f*t+circleOffset);
X.pos = X.pos - X.pos(1);
x.pos = [x.pos(1) x.pos];
x.pos = x.pos + VXEndPos/2 - sin(circleOffset)"Diameter/2;

y.pos = Diameter/2 * (-1)*cos(2*pi*f*t+circleOffset);
y.pos = y.pos - y.pos(1);

y.pos = [y.pos(1) y.pos];
y.pos = y.pos + padPostDistanceBlankY - (cos(circleOffset)"Diameter/2);

DistanceZ = Windings*DistPerWinding;
zUpVmax = DistanceZ/vTime(end)*corrFactorZup;

para.xstart = 0.0;
para.xend = DistanceZ;
para.vmax = zUpVmax;
para.amax = z.Amax;
para.rmax = z.Rmax;
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para.drf = 1.0;

seg = StandardMotionAlgo(para); [tZ, z.jerk, z.acc, z.vel, z.pos] = Movement(seg)
if length(z.pos) < min(length(x.pos), length(y.pos)) error(’z-axis: move too short’)
end;

z.pos = z.pos(1:end-5);

zonly = length(z.pos) - length(x.pos);
X.pos = [x.pos, ones(1, zonly)*x.pos(end)];
y.pos = [y.pos, ones(1, zonly)*y.pos(end)];

vPos(1) = 0;
vPos(2) = x.pos(1);
vPara(1) = x.Rmax/3000;
vPara(2) = x.Amax/300;
vPara(3) = x.Vmax;
vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts); xstart.acc = acc’;
xstart.vel = vel’;
xstart.pos = pos’;

vPos(1) = x.pos(end);
vPos(2) = vXEndPos;
vPara(1) = x.Rmax/1000;
vPara(2) = x.Amax/10;
vPara(3) = x.Vmax;
vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts);
xend.acc = acc’;
xend.vel = vel’;
xend.pos = pos’ + x.pos(end);

vPos(1) = 0;
vPos(2) = y.pos(1);
vPara(1) = y.Rmax/3000;
vPara(2) = y.Amax/300;
vPara(3) = yVmax;
vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts); ystart.acc = acc’;
ystart.vel = vel’;
ystart.pos = pos’;

vPos(1) = y.pos(end);
vPos(2) = vYEndPos;
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vPara(1) = y.Rmax/1000;

vPara(2) = y.Amax/10;

vPara(3) = yVmax;

vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts); yend.acc = acc’;
yend.vel = vel’;

yend.pos = pos’ + y.pos(end);

vPos(1) = 0;
vPos(2) = vZStartPos;
vPara(1) = z.Rmax/1000;
vPara(2) = z.Amax/10;
vPara(3) = zVmax;
vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts); zstart.acc = acc’;
zstart.vel = vel’;
zstart.pos = pos’;
z.pos = z.pos + zstart.pos(end);

vPos(1) = z.pos(end);
vPos(2) = vZSearchPos;
vPara(1) = z.Rmax/3000;
vPara(2) = z.Amax/30;
vPara(3) = zVmax;
vPara(4) = Ts; [acc, vel, pos] = intrtab(GetRedRuckTable(vPos, vPara), Ts); zsearch.acc = acc’;
zsearch.vel = vel’;
zsearch.pos = pos’ + z.pos(end);

xyWait = length(xstart.pos) - length(ystart.pos);
if xyWait < 0
x.begin = [zeros(1,length(zstart.pos)), xstart.pos,
ones(1,abs(xyWait)) * xstart.pos(end)];
y.begin = [zeros(1,length(zstart.pos)), ystart.pos];
else
x.begin = [zeros(1,length(zstart.pos)), xstart.pos];
y.begin = [zeros(1,length(zstart.pos)), ystart.pos,
ones(1,abs(xyWait)) * ystart.pos(end)];
end

x.posSize = length(x.begin);
z.posSize = length(zstart.pos);
zWait = x.posSize - z.posSize;
if zZWait > 0
z.begin = [zstart.pos, ones(1,zWait) * zstart.pos(end)];
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else
z.begin = zstart.pos;
end
x.pos = [x.begin x.pos xend.pos];
y.pos = [y.begin y.pos yend.pos];

z.pos = [z.begin z.pos];
endHeight = z.pos(end)
x.posSize = length(x.pos);
y.posSize = length(y.pos);
z.posSize = length(z.pos);
z.pos = [z.pos, ones(1,max(x.posSize-z.posSize,y.posSize-z.posSize)) * z.pos(end), zsearch.pos];

X.pos = [x.pos, ones(1, length(z.pos)-length(x.pos))*x.pos(end)];
y.pos = [y.pos, ones(1, length(z.pos)-length(y.pos))*y.pos(end)];

x.vel = [diff(x.pos), 0]/Ts;
x.acc = [diff(x.vel), 0]/Ts;
y.vel = [diff(y.pos), 0]/Ts;
y.acc = [diff(y.vel), 0]/Ts;
z.vel = [diff(z.pos), 0]/Ts;
z.acc = [diff(z.vel), 0]/Ts;

if max(x.vel) > x.Vmax,
plot(x.pos)
plot(x.vel)
error(’x-axis: vmax’);
end;
if max(x.acc) > x. Amax,
plot(x.acc)
error(’x-axis: amax’)
end;
if max(y.vel) > yVmax,
plot(y.vel);
error(’y-axis: vmax’)
end;
if max(y.acc) > y.Amax,
plot(x.acc);
error(’y-axis: amax’)
end;
if max(z.vel) > zVmax,
plot(z.acc);

158



A15 Wire bonder parameters for copper wire

error(’z-axis: vmax’)

end;

if max(z.acc) > y.Amax,
plot(z.acc);

error(’z-axis: amax’)

end;

duration = length(x.pos)*Ts;
entries = length(x.pos);

if entries > 63999,

entries

duration

error(’max entries exceeded’)
end;

xx = [x.pos’ x.vel’ x.acc’];
save(’coilsxtable.txt’, *-ascii’, >-double’, 'xx’);
yy = [y.pos’ y.vel y.acc’];
save(’coilsytable.txt’, ’-ascii’, -double’, 'yy’);
zz = [z.pos’ z.vel’ z.acc’];
save(’coilstable.txt’, -ascii’, -double’, 'zz’);

figure surf(postX, postY, postZ);
hold on
plot3(x.pos, y.pos, z.pos, Color’,red’; LineWidth’,2);
xlabel(’ itx rm-axis (m)’)
ylabel(’ ity rm-axis (m)’)
zlabel(’ itz rm-axis (m)’)
xlabel(’ bfx-axis (m)’)
ylabel(’ bfy-axis (m)’)
zlabel(’ bfz-axis (m)’)
axis equal
axis equal
hold off
view([0 90])
figure(1)

Al15 Wire bonder parameters for copper wire

The Table A.2 lists the process parameters used to wind the micro-coils around SU-8 posts.
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Table A.2: Wirebonder parameters

Pyrex wafer (525 ym)
Wedge Bond
Bond mode Engineering
Impact segment 1 | Impact segment 2 | Bond segment 1 | Bond segment 2
Duration segment 2 ms 2 ms 2 ms 2 ms
Force end 600 mN 600 mN 700 mN 450 mN
Ultrasonic Power 0% 0% 0% 35 %
Ultrasonic rise time 0.7 ms 0.7 ms 2 ms 3 ms
Control Mode Force Force Force Force
Slow impact factor 0.5
Scrub Distance -5 um -8 ym 0 pym
Scrub angle 0° 0°
Number of scrubs 0 0 0
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Process Temperature

Heater Temperature \ 150° C
Nitrogen flow rate
Flow rate ‘ 47 I/min
Free air ball
EFO mode Manual
Electrode to wire distance 500 ym
Pre-spark voltage 4500 V
Spark segments 1
EFO mode current 110.15 mA
EFO time 0.5500 ms
Tail length 500 ym
Ball Bond
Bond mode Standard
Impact force 800 mN
Bond force 300 mN
Ultrasonic power 90%
Bond time 30 ms
Bond force dwell time 0 ms
Ultrasonic rise time 1 ms
Ultrasonic rapid decay oft
Scrub off
Looping
Loop mode Advanced loop
Loop type Quality arc
Loop shape coils
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