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Abstract

The central theme of this work is developing and integrating flexible electronics for micro
Magnetic Resonance (MR) applications. Two crucial applications have been covered within
this dissertation; one application in the field of Magnetic Resonance Imaging (MRI) and the
other in the field of Nuclear Magnetic Resonance (NMR). The MRI application focus on solving
the safety and reliability issues involved with MR-catheters. The NMR application introduces
a novel approach for enhancing the NMR spectroscopy throughput.

The first part of the dissertation covers the various developed technologies to fabricate flexible
electronics on the micro-scale. The covered MR applications required the fabrication of induc-
tors, capacitors, and diodes on flexible substrates. Hence, the first covered technology within
the frame of micro-fabrication is depositing of conductive seed-layers onto flexible substrates.
Several techniques have been tested and compared. The developed technology enables multi-
layer fabrication for the conductive structure on a flexible substrate (= 50 um thickness) suit-
able for wrapping around the slender tube (> 0.5 mm diameter). The second covered method
is inkjet printing of high-density low loss coefficient capacitors. Two custom polymer-based
dielectric inks were synthesized, by the dispersion of TiO; and BaTiO3 in benzocyclobutene
(BCB) polymer. The inkjet-printed capacitors show a relatively high capacitance per unit area
up to 69 pFmm~2 while achieving quality factor (Q) up to 100. Moreover, a technique was
developed for an inkjet-printed rectifying Schottky diode. The last covered technology is the
electroplating of the conductive seed-layers. Electroplating is a well-explored technology and
a very crucial process in the field of micro-fabrication. However, it is highly dependent on the
operator’s level of experience. In addition, precision control of the electroplating power is re-
quired, particularly when creating small structures, where pulse electroplating has proven to
provide a high degree of control over the deposited structure. In this context, a highly versatile
current source was developed based on a microcontroller unit to bring accuracy into the gen-
eration of optimal plating recipes. The current source was built based on a Modified Howland
Current Source (MHCS) configuration using a high-power operational amplifier. As a result,
the current source was validated and verified, and its high capability was demonstrated by
conducting some unique applications, most important of which is enhancing the adhesion of

the inkjet-printed seed-layer on flexible substrates.

The second part of the dissertation addresses interventional MRI using MR-Catheter. MR-
Catheters potentially have a significant impact on the field of minimally invasive medical op-
erations. Implanted elongated transmission conductors and detector coils act as an antenna,
that couple to the MR radio frequency (RF) transmit field, thereby making the catheter visi-
ble during use in an MRI scanner. However, this coupling potentially heats the conductors,
causing possible tissue damage, and has prevented this technology from finding widespread

use. An alternative approach is to couple a resonator on the catheter tip inductively coupling
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to a wired surface coil outside of the body. However, The micro-resonator on the catheter’s
tip could heat during the excitation phase. Moreover, as the catheter axial orientation changes
during motion, the visibility of the catheter tip changes and can be lost if the wireless resonator
and external coil’s magnetic fields are orthogonal. In this contribution, the tuning capacitance
of the catheter’s micro detector is controlled wirelessly via pulse sequence control sent to an
RF tuning circuit integrated with a detector coil. The integrated circuit generates direct cur-
rent (DC) from the transmitted RF for controlling capacitance remotely, creating an intelligent
embedded tunable detector on the catheter tip. During RF transmission, decoupling is done by
adjusting the micro-detector operating frequency away from the Larmor frequency. Addition-
ally, a novel detector design is introduced based on two perpendicularly oriented micro-saddle
coils that maintain constant visibility of the catheter for the entire range of axial orientations

with no dead angle. The system was experimentally verified in a 1 T MR scanner.

The third part of the dissertation addresses NMR spectroscopy throughput. Flow-based NMR
is a promising technique for improving NMR throughput. However, a common challenge is the
relatively large dead volume in the flow tube feeding the NMR detector. In this contribution,
a novel approach is introduced for fully automated high throughput NMR spectroscopy with
enhanced mass sensitivity. The developed approach is accomplished by taking advantage of
microfluidic technologies combined with thin-film micro-NMR detectors. A customized NMR
probe head is developed with a microfluidic system featuring: i) a micro-saddle detector for
NMR spectroscopy and ii) a pair of flow sensors flanking the NMR detector and interfaced to
a microcontroller unit. A microfluidic tube is used to transport a sample series through the
probe head, comprising an unlimited number of different sample plugs separated by an immis-
cible fluid. The developed system tracks the samples’ position and velocity in this dual-phase
flow and synchronizes the NMR acquisition. The developed custom build probe head is plug-
and-play ready with market-available NMR systems. The system was successfully utilized for
automating flow-based NMR measurement in a 500 MHz NMR system. The developed micro-
NMR detector enables high-resolution spectroscopy with NMR sensitivity of 2.18 nmol s'/2
with the flow sensors in operation. The flow sensors featured high sensitivity to an absolute
difference of 0.2 in relative permittivity, enabling differentiation between most common sol-
vents. It was illustrated that a fully automated NMR spectroscopy of nine different 120 pL

samples could be achieved within 3.6 min or effectively 15.3 s per sample.
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Zusammenfassung

Das zentrale Thema dieser Arbeit ist die Entwicklung und Integration von flexibler Elektro-
nik fiir Mikro-Magnetresonanz (MR)-Anwendungen. Zwei wichtige Anwendungen wurden in
der Dissertation behandelt; eine Anwendung auf dem Gebiet der Magnetresonanztomographie
(MRI) und die andere auf dem Gebiet der Kernspinresonanz (NMR). Die MRI-Anwendung kon-
zentriert sich auf die Losung der Sicherheits- und Zuverlassigkeitsaspekte von MR-Kathetern.
Die NMR-Anwendung stellt einen neuartigen Ansatz zur Steigerung des Durchsatzes bei der
NMR-Spektroskopie vor.

Der erste Teil der Dissertation behandelt die verschiedenen Technologien die zur Herstellung
flexibler Elektronik auf der Mikroskala entwickelt wurden. Die behandelten MR-Anwendungen
erfordern die Herstellung von Induktoren, Kondensatoren und Dioden auf flexiblen Substra-
ten. Die erste Technologie, die im Rahmen der Mikrofabrikation behandelt wird, ist das Auf-
bringen einer leitfdhigen Startschicht auf flexiblen Substraten. Es wurden verschiedene Tech-
niken getestet und verglichen. Die entwickelte Technologie ermoglicht die Herstellung einer
mehrschichtigen leitfahigen Struktur auf einem flexiblen Substrat (50 um Dicke), die sich zum
Umwickeln eines schlanken Rohres (> 0.5 mm Durchmesser) eignet. Die zweite Methode ist
der Tintenstrahldruck von Kondensatoren mit hoher Dichte und niedrigem Verlustkoeffizien-
ten. Zwei dielektrische Tinten auf Polymerbasis wurden synthetisiert, durch die Dispersion
von TiO; und BaTiO3 in Benzocyclobuten (BCB) Polymer. Die im Tintenstrahldruckverfahren
hergestellten Kondensatoren zeigen eine relativ hohe Kapazitét pro Flacheneinheit von bis zu
69 pFmm 2 und erreichen dabei einen Qualititsfaktor (Q) von etwa 100. Auerdem wurde
eine Technik fiir eine tintenstrahlgedruckte gleichrichtende Schottky-Diode entwickelt. Die
letzte behandelte Technologie ist die Galvanisierung der leitenden Startschichten. Die Galva-
nik ist eine gut erforschte Technologie und ein sehr wichtiger Prozess auf dem Gebiet der
Mikrofabrikation. Sie ist jedoch in hohem Mafle von der Erfahrung des Bedieners abhéngig.
Dariiber hinaus ist eine prazise Steuerung der Galvanikleistung erforderlich, insbesondere bei
der Herstellung kleiner Strukturen, wobei sich die Pulsgalvanik als ein Verfahren erwiesen
hat, das ein hohes Maf3 an Kontrolle iiber die abgeschiedene Struktur bietet. In diesem Zusam-
menhang wurde eine hochflexible Stromquelle auf Basis einer Mikrocontroller-Einheit ent-
wickelt, um Genauigkeit in die Erstellung optimaler Galvanikrezepte zu bringen. Die Strom-
quelle wurde auf Basis einer modifizierten Howland-Stromquelle (MHCS) unter Verwendung
eines Hochleistungs-Operationsverstirkers (OPAMP) aufgebaut. Die Stromquelle wurde vali-
diert und verifiziert, und ihre hohe Leistungsfahigkeit wurde durch die Durchfithrung einiger
schwieriger Anwendungen demonstriert, von denen die wichtigste die Verbesserung der Haf-

tung der im Tintenstrahldruckverfahren gedruckten Startschicht auf flexiblen Substraten ist.

Der zweite Teil der Dissertation befasst sich mit interventioneller MRT mittels MR-Katheter.

MR-Katheter haben potenziell einen erheblichen Einfluss auf den Bereich der minimalinva-
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siven medizinischen Eingriffe. Implantierte langliche Ubertragungsleiter und Detektorspulen
wirken wie eine Antenne und koppeln sich an das MR-Hochfrequenz (HF)-Sendefeld an und
machen so den Katheter wihrend des Einsatzes in einem MRT-Scanner sichtbar. Durch diese
Kopplung konnen sich die Leiter jedoch erhitzen, was zu einer gefahrlichen Erwarmung des
Gewebes fiihrt und eine breite Anwendung dieser Technologie bisher verhindert hat. Ein alter-
nativer Ansatz besteht darin, einen Resonator an der Katheterspitze induktive mit einer Ober-
flichenspule auflerhalb des Korpers zu koppeln. Allerdings konnte sich auch dieser Mikro-
resonator an der Katheterspitze wihrend der Anregungsphase erwirmen. Auflerdem andert
sich die Sichtbarkeit der Katheterspitze, wenn sich die axiale Ausrichtung des Katheters wih-
rend der Bewegung andert, und kann verloren gehen, wenn die Magnetfelder des drahtlosen
Resonators und der externen Spule orthogonal sind. In diesem Beitrag wird die Abstimmka-
pazitat des Mikrodetektors des Katheters drahtlos iiber eine Impulsfolgensteuerung gesteuert,
die an einen HF-Abstimmkreis gesendet wird, der in eine Detektorspule integriert ist. Der in-
tegrierte Schaltkreis erzeugt Gleichstrom aus dem iibertragenen HF Signal zur Steuerung der
Kapazitat aus der Ferne, wodurch ein intelligenter eingebetteter abstimmbarer Detektor an
der Katheterspitze entsteht. Wahrend der HF-Ubertragung erfolgt die Entkopplung durch ei-
ne Feinabstimmung der Detektorbetriebsfrequenz weg von der Larmor-Frequenz. Zusétzlich
wird ein neuartiges Detektordesign eingefiihrt, das auf zwei senkrecht ausgerichteten Mikro-
Saddle-Spulen basiert, die eine konstante Sichtbarkeit des Katheters fiir den gesamten Bereich
der axialen Ausrichtungen ohne toten Winkel gewahrleisten. Das System wurde experimentell

in einem 1 T MRT-Scanner verifiziert.

Der dritte Teil der Dissertation befasst sich mit dem Durchsatz von NMR-Spektroskopie. Fluss-
basierte NMR ist eine vielversprechende Technik zur Verbesserung des NMR-Durchsatzes. Ei-
ne hiufige Herausforderung ist jedoch das relativ grofie Totvolumen im Schlauch, der den
NMR-Detektor speist. In diesem Beitrag wird ein neuartiger Ansatz fiir vollautomatische NMR-
Spektroskopie mit hohem Durchsatz und verbesserter Massensensitivitit vorgestellt. Der ent-
wickelte Ansatz wird durch die Nutzung von Mikrofluidik-Technologien in Kombination mit
Diinnfilm-Mikro-NMR-Detektoren verwirklicht. Es wurde ein passender NMR-Sensor mit ei-
nem mikrofluidischen System entwickelt, das Folgendes umfasst: i) einen Mikro-Sattel-Detektor
fiir die NMR-Spektroskopie und ii) ein Paar Durchflusssensoren, die den NMR-Detektor flan-
kieren und an eine Mikrocontrollereinheit angeschlossen sind. Ein mikrofluidischer Schlauch
wird verwendet, um eine Probenserie durch den Sondenkopf zu transportieren, die einzel-
nen Probenbereiche sind durch eine nicht mischbare Fliissigkeit getrennt, das System er-
laubt im Prinzip eine unbegrenzte Anzahl an Proben. Das entwickelte System verfolgt die
Position und Geschwindigkeit der Proben in diesem zweiphasigen Fluss und synchronisiert
die NMR-Akquisition. Der entwickelte kundenspezifische Sondenkopf ist Plug-and-Play-fahig
mit marktiiblichen NMR-Systemen. Das System wurde erfolgreich zur Automatisierung von
flussbasierten NMR-Messungen in einem 500 MHz NMR-System eingesetzt. Der entwickelte
Mikro-NMR-Detektor erméglicht hochaufl6sende Spektroskopie mit einer NMR-Empfindlichkeit

von 2.18 nmol s!/2 bei Betrieb der Durchflusssensoren. Die Durchflusssensoren wiesen eine
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hohe Empfindlichkeit bis zu einem absoluten Unterschied von 0.2 in der relativen Permittivi-
tat auf, was eine Differenzierung zwischen den meisten giangigen Losungsmitteln erméglich-
te. Es wurde gezeigt, dass eine vollautomatische NMR-Spektroskopie von neun verschiedenen

120 pL Proben innerhalb von 3.6 min oder effektiv 15.3 s pro Probe erreicht werden konnte.






Nomenclature

Abbreviations
Abbreviation Meaning
2D Two dimensional
3D Three dimensional
AC Alternating current
ADC Analog-to-digital converter
BBB BeagleBone Black
BCB Benzocyclobutene
BST Barium strontium titanate
CDC Capacitance-to-digital converter
CMOS Complementary metal-oxide—semiconductor
CMRR Common mode rejection ratio
CT Computed tomography
CVD Chemical vapor deposition
DAC Digital-to-analog converter
DC Direct current
DI Deionized
EDL Electric double layer
EF Fermi level
FE Phase encoding
FFT Fast Fourier transform
FID Free induction decay
FoV Field of view
FWHM Full width at half-maximum
GBWP Gain-bandwidth product
GUI Graphical user interface
I’C Inter-integrated circuit
IC Integrated circuit
IDC Interdigitated capacitive sensor
iMRI Interventional magnetic resonance imaging
IPA Isopropyl alcohol (isopropanol)
LOD Limit of detection
LTC Low temperature cure
MCU Microcontroller unit
MEMS Microelectromechanical systems
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Abbreviation Meaning

MHCS Modified Howland current source
MI Magneto-inductive

MIM Metal-insulator-metal

MR Magnetic resonance

MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
MS Metal-semiconductor

nLOD normalised limit of detection
NMR Nuclear magnetic resonance

NP Nanoparticles

Opamp Operational amplifier

PCB Printed circuit board

PE Phase encoding

PFG Pulsed field gradient

pH potential of hydrogen

PI Polyimide

PLA Polylactic acid

PMMA Poly(methyl methacrylate)

ppb Part per billion

ppm Part per million

PTAA Poly(triaryl amine) semiconductor
PTFE Polytetrafluoroethylene (Teflon)
PVD Physical vapor deposition

PVP Polyvinylpyrrolidone

RF Radio frequency

RFID Radio-frequency identification
SAR Specific absorption rate

SEM Scanning electron microscopy
SMD Surface mount devices

SNR Signal-to-noise ratio

SPI Serial peripheral interface

SRF Self resonant frequency

SS Slice selection

TE Echo time

TR Repetition time

uv Ultraviolet

VCCC Voltage controlled current circuit
WF Work function
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Nomenclature

WLI White light interferometry
XRD X-ray powder diffraction
Symbols
Symbol Definition Unit
By Static magnetic field T
B RF magnetic field T
M Net magnetization Am~!
Y Gyromagnetic ratio rads~! T~!
I Magnetic moment Am?
s Spin angular momentum kgm?s~!rad~!
o Larmor frequency rads™!
T Spin-lattice relaxation time S
yb) Spin-spin relaxation time S
Ofq Flip angle °
T Pulse duration S
1) Skin depth m
f Frequency Hz
fo Resonance frequency Hz
u Permeability Hm™!
P resistivity Q
T Temperature K
& Relative permittivity Fm™!
n Viscosity Pas
y Shear rate 57!
OB Schottky barrier eV
oM Metal’s working function eV
Constants
Symbol Value Unit Definition
h 6.626 x 10734 Is Max Planck’s constant
h h/2m Is Reduced Max Planck’s constant
Kp 1.381 x 10723 JK! Boltzmann constant
& 8.854 x 10712 Fm™! Vacuum permittivity
Ho 4m x 1077 Hm™! Vacuum permeability
R 8.314462618 Jmol1K~! Molar gas constant
F 96500 C Faraday constant
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1 Introduction

1.1 Motivation

Since the magnetic resonance (MR) concept was first introduced, it led to the development of
two versatile technologies: magnetic resonance imaging (MRI) and magnetic resonance spec-
troscopy (MRS). MRI is a non-invasive medical imaging technique used extensively in hospi-
tals and clinics to investigate and diagnose tumors, internal bleeding, and infections. What
distinguishes MRI as an imaging technique is that it does not involve any harmful ionizing ra-
diation. On the other hand, MRS is an information-rich spectroscopic technique widely used
in chemistry and biology to characterize materials by determining and quantifying molecular
structure. In addition, MRS offers broad chemical coverage and is a non-destructive technique,

allowing further upstream analytics.

In its very primitive structure, besides the interface electronics, the MRI or MRS hardware con-
sists of three main components: 1) a large permanent magnet responsible for the polarizing
static magnetic field (By), 2) a radio frequency (RF) transmitter coil responsible for the exci-
tation of the alternating magnetic field (B1), and 3) an RF receiver to acquire the MR signals,
which is commonly done using the RF transmitter coil itself. Employing micro-MR probes
is a well-established approach to enhance the signal-to-noise ratio (SNR) of the MR exper-
iment if only a small amount of sample is available. Integrating microfluidic technologies
and micro-embedded systems with micro-MR detectors has continued to evolve since the first
NMR-detector reports. These integrations lead to a wide range of novel applications such as
biological sample monitoring [1-3], chemical reaction tracking [4-8], sensitivity enhancement

techniques [9-12], and electrochemical functionality [13].

An example of the contribution of micro-MR detectors in the field of MRI is the development
of MR-catheter for minimally invasive medical operations. Locating a micro-MR detector on
a catheter’s tip acts as an antenna and couples to the magnetic resonance RF transmit field,
thereby making the catheter visible during use in an MR scanner. This approach provides sur-
geons with an accurate geometrical orientation of the catheter’s tip relative to the patient’s
body. Catheter-based intervention is among the primary methods used in the treatment diag-
nosis of heart diseases. Over the past two decades, cardiovascular diseases have been reported
as the leading cause of death globally, with more than seventeen million deaths in 2017 surpass-
ing all other medical causes combine [14]. However, during the excitation stage, the coupling
between the catheter detector and the RF magnetic field can heat the conductors, causing haz-
ardous tissue heating, which has kept this technology from being widely used. Furthermore,
as the catheter’s axial direction alters during interventions, the visibility of the catheter tip
changes in the MR image and can be lost if the magnetic fields of the wireless resonator and

external coil are orthogonal.
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An example of the contribution of micro-MR detectors in the field of NMR is the development
of flow-based NMR spectroscopy. Flow-based NMR is a promising technique for transporting
the samples through the NMR detector in a microfluidic tube without the need for hardware
disassembling and assembling. However, a common challenge is the relatively large dead vol-
ume in the flow tube feeding the NMR detector that results in the fact that NMR is a low
throughput method. Therefore, there is a disconnect between applications that require large
parameter spaces screening and the opportunity to take advantage of this information-dense
method. Addressing the NMR throughput challenge could lead to a significant push to diverse
fields, including drug discovery screening, clinical analysis, chemical process monitoring, bio-
fluid metabolomics, and food analysis. Consider the field of drug discovery as an example;
NMR can resolve the binding of drugs to pathogens and can be utilized for screening com-
pound libraries to investigate the molecular interactions with target proteins [15, 16]. Phar-
maceutical companies have molecular libraries containing millions of compounds, which is
ever-increasing as new molecules are being synthesized utilizing combinatorial methods. For
example, Pfizer, Inc. maintains 4 million compounds inside their molecular library that can be
used for analyzing potential medicines, as reported in 2017 [17]. Hence, the development of
high throughput NMR methods is a must to enhance the screening efficiency of these massive

and ever-increasing molecular libraries.

1.2 Objective

To tackle the challenges facing the MR-catheters and NMR spectroscopy throughput, the

present work aims to address three main hypotheses:

«+ Interventional MRI using MR-catheters
Integrating micro-MR detector with micro-embedded systems to wirelessly decouple
the micro-resonator on the catheter’s tip to circumvent the heating hazard. The devel-
oped system needs to be controlled wirelessly to avoid using conductive wires inside
the patient, as they are the main cause of dangerous heating. The developed embedded
system should have an antenna to pick up the transmitted RF control signal operat-
ing at a frequency range away from the Larmor frequency and rectify it to control the
NMR detector’s variable capacitance of. The whole system should have a thickness be-
low 80 um with a high degree of flexibility to be rolled around the slender catheter tube
(5fr). Moreover, the detector has to be designed in a way to keep coupling with the
surface coil through the whole axial orientations to avoid losing the catheter’s visibility

at any orientation.

« Automated high throughput NMR spectroscopy
Integrating micro-NMR detector with microfluidic technologies to build a customized
probe head capable of online synchronization of NMR acquisition for two-phase follow.

The dead volume in the flow tube is eliminated by loading the tube with plugs of differ-
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ent samples separated by immiscible fluid. The customized probe head should possess
a sensing system for real-time monitoring of the position and velocity of the fluid inter-
face. The sensing system should be sensitive to different NMR samples and integrates
a low-cost embedded controller to synchronize the NMR acquisition. In addition, the

system should be compatible with market-available NMR systems.

+ Micro-fabrication of flexible electronics
To achieve the previously mentioned objectives, the fabrication of thin, flexible elec-
tronics needs to be addressed by focusing on: 1) enhancing the thin-film fabrication
technology for depositing conductive layers onto flexible substrates, 2) developing thin-
film flexible capacitors with high capacitance density to reduce their volume to be in-
tegrated on the catheter tip, and 3) developing an electroplating method for enhancing

the adhesion of the conductive structure on the flexible substrates.

1.3 Thesis outline

This thesis consists of ten chapters structured in three main parts, accompanied by two intro-

ductory chapters and the conclusion. The thesis is organized as follow:

« Introductory chapters

1. Chapter 1 provides a quick introduction with the motivation of the topic and the

objectives.

2. Chapter 2 presents an overview of the theoretical MR concepts referred to by the
rest of the thesis. In the beginning, the fundamentals of MR with explaining the
origin of the signal are explained. Then the NMR spectroscopy and MRI scanner

hardware and concept of operation are briefly discussed.

« Part I covers the developed technologies for fabricating flexible electronics on the

micro-scale.

3. Chapter 3 presents the different developed processes for depositing conductive
seed layers onto flexible substrates and provides a comparison between these
processes. It introduces the developed micro-fabrication process for fabricating

thin-film capacitors and diodes.

4. Chapter 4 presents the development of a flexible, versatile current source for
electroplating. It covers the different novel plating applications conducted using
the developed plating system.
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« Part IT addresses the MRI application; interventional MRI using MR-Catheter.

5. Chapter 5 is an overview of state-of-the-art MR-catheters focusing on the differ-

ent developed techniques for solving the heating issue.

6. Chapter 6 presents a thorough description of the design and development of the

introduced micro embedded system for the interventional MRI application.
« PartIII addresses the NMR application; automated high throughput NMR spectroscopy.

7. Chapter 7 is an overview of state-of-the-art high throughput NMR spectroscopy.
The chapter also presents a brief overview of the state-of-the-art micro-NMR
detectors and flow sensors since they are employed for building the introduced
high throughput NMR approach.

8. Chapter 8 presents a thorough description of the design, characterization, and
fabrication of the fully automated high throughput NMR system.

9. Chapter 9 presents various NMR flow experiments demonstrating the the versa-
tility of the developed technology for realizing automated high throughput NMR

spectroscopy with high mass sensitivity.
+ Conclusion and outlook chapter

10. Chapter 10 concludes the entire thesis and gives an outlook for future work.

1.4 Main results

The research conducted during the PhD work has led to four main publications with contribu-
tion as the first author (three published and one in preparation) and three other publications
with contribution as coauthor (two published and one in preparation).

Micro-fabrication of flexible electronics

1. Load sensitive stable current source for complex precision pulsed electroplat-
ing
Published in: Review of Scientific Instruments [ON1]
Authorship status: Lead author
Content: This paper presents a highly flexible current source based on a microcon-
troller unit used for the electroplating process. The functionality and stability of the
developed system under different plating parameters were described. The developed
system was used for conducting two nontrivial plating applications.
Contribution: Involved in conceiving the idea. Designed, developed, and character-
ized the electroplating power source. Carried out the application of electroplating of

inkjet-printed tracks. Lead in writing the manuscript and preparation of figures.



1.4 Main results

2. Polyaramid-Based Flexible Antibacterial Coatings Fabricated Using
Laser-Induced Carbonization and Copper Electroplating
Published in: ACS Applied Materials & Interfaces [ON2]
Authorship status: Coauthor
Content: This paper introduced a fabrication method for developing electrical circuits
on flexible polyaramid substrates using laser-induced carbonization and copper elec-
troplating.

Contribution: Performed and optimized the electroplating processes.

Interventional MRI using MR-catheters

3. Wireless Double Micro-Resonator for Orientation Free Tracking of
MR-Catheter During Interventional MRIL.
Published in:IEEE Journal of Electromagnetics, RF and Microwaves in Medicine and
Biology [ON3]
Authorship status: Lead author
Content: This work proposed a novel micro-resonator based on two perpendicularly
oriented saddle coils that create a homogeneous magnetic field when wrapped around
a catheter tube.
Contribution: Convinced the idea. Designed, optimized, and fabricated the introduced
micro-resonator. Performed the MRI experiments. Lead in writing the manuscript and

preparation of figures.

4. Topologically optimized magnetic lens for magnetic resonance applications.
Published in: Magnetic Resonance [ON4]
Authorship status: Coauthor
Content: This work employed the topology optimization technique to develop optimal
layouts of a Lenz lens to improve the SNR of MR detection.

Contribution: Conducted the initial inductive coupling experiments.

5. Wireless tuning system towards safe interventional magnetic resonance imag-
ing.
Manuscript status: In preparation
Authorship status: Lead author
Content: This work introduces a novel wireless tuning system to decouple MR-catheter
in an iMRI operation during RF excitation to avoid the heating hazard.
Contribution: Convinced the idea. Designed, fabricated, and characterized the wireless

tuning system. Lead in writing the manuscript and preparation of figures.
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Automated high throughput NMR spectroscopy

6. Integrated impedance sensing of liquid sample plug flow enables automated
high throughput NMR spectroscopy.
Published in: Nature - Microsystems & Nanoengineering [ON5]
Authorship status: Lead author
Content: The paper introduced a novel customized NMR probe head that is plug-
and-play ready with market-available NMR systems for enhancing NMR spectroscopy
throughput. The paper demonstrates the capability and the applications of the intro-
duced technology.
Contribution: Involved in conceiving the idea. Designed, fabricated, and optimized
the experimental setup. Conducted the system characterization, performed the NMR
experiments, and conducted data analysis. Lead in writing the manuscript and prepa-

ration of figures.

7. Highly fluorinated peptide probes with enhanced in vivo stability for '°F-MRL
Manuscript status: In preparation
Authorship status: Coauthor
Content: This work aimed to develop peptide-based 19F labels suited for 19F MRI at
micron to milli-scale. The Highly fluorinated peptides bearing up to 27 fluorine nuclei
possess high bio-compatibility and in vivo stability, achieving in situ labeling on BSA
and glutathione.
Contribution: Developed the micro-MR saddle detector used for the MRI experiments,

and participated in conducting the MRI experiments.

+ The text and figures in Chapter 4 were reproduced and adapted from [ON1] with
permission of the American Institute of Physics (AIP) Publishing (CC BY 4.0, 2019).

« The text and figures in Subsection 4.5.1 were reproduced and adapted with permission
from my contribution in [ON2]. Copyright © 2020, American Chemical Society.

« The text and figures in Chapters 5 and 6 were reproduce and adapted with permission
from [ON3] (CC BY 4.0, 2020 IEEE) and [ON6] ( Copyright © 2019, IEEE).

+ The text and figures in Chapters 7, 8 and 9 were reproduced and adapted from [ON5]
(CC BY 4.0, 2021 Springer Nature).
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2 Theoretical background

uclear Magnetic Resonance (NMR) has a very wide range of applications in chemistry,

biology, and medicine. Isidor Isaac Rabi first introduced NMR in 1938 [18] where he
was awarded the Nobel Prize in physics in 1944 for his techniques of using nuclear magnetic
resonance to determine the nuclear spin and magnetic moment of atoms. Later in 1952, Felix
Bloch [19] and Mills Purcell [20] shared the Nobel Prize in physics for expanding the NMR
technique to include solids and liquids, leading to a new branch of science. The further re-
search and development of NMR were highlighted with three additional Nobel Prizes; in 1991
in chemistry by Richard R. Ernst for the development of Fourier transform NMR spectroscopy,
in 2002 in chemistry by Kurt Wiithrich for studying biological molecules using NMR, and in
2003 in physiology or medicine by Mansfield and Lauterbur for developing magnetic resonance
imaging (MRI). Paul Christian Lauterbur first introduced MRI in 1973 [21].

In this chapter, the fundamental concepts of NMR and MRI, which are most relevant to this
thesis, are introduced. The chapter is divided mainly into four sections. In Section 2.1, the
fundamental concepts and terminologies of the NMR, such as nuclear spins, polarization, ex-
citation, and relaxation, are introduced. Section 2.2 presents the basics of acquiring an NMR
spectrum by explaining the concept of chemical shift and spins coupling. Section 2.3 discusses
the primary technique for collecting an MR image and the field encoding. lastly, Section 2.4 in-
troduces the MR system’s main hardware components by highlighting the different elements
between an NMR spectrometer and an MRI scanner. Within the last subsection, some of the
essential parameters for evaluating the NMR spectrum signal-to-noise ratio are discussed. The
information presented in this introductory chapter were mostly collected from the following
three textbooks:

« Spin Dynamics by Malcolm Levitt [22]
« NMR Spectroscopy by Harald Giinther [23]

« MRI from picture to proton by Donald W. McRobbie [24]

2.1 Magnetic resonance fundamentals

Nowadays, the concept of Nuclear Magnetic Resonance (NMR) is widely used in various ap-
plications. These applications could be categorized mainly into NMR spectroscopy and mag-
netic resonance imaging (MRI). NMR spectroscopy is also known as magnetic resonance spec-
troscopy (MRS), and it is an analytical technique to study molecules and compounds by deter-
mining and quantifying their molecular structure. Therefore, it is extensively used in medicine,
chemistry, and biology. On the other hand, hence MRI is an imaging technique; its mainly used

for diagnosing diseases such as tumors or internal bleeding.
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2.1.1 Spin angular momentum

Spin is the keyword of NMR. Every atomic nucleus consists of elementary particles called
protons and neutrons, which are composite fermions particles. Fermions are particles that
have half-odd integer spin and are described by the Pauli exclusion principle. Accordingly,
spinning is an intrinsic property of the nuclei of the atoms. The particles’ spinning originates

a spin angular momentum vector (5), which can be described in:

|S| =h\I(I+1), (2.1)

Where £ is the Planck constant (6.62607015 x 10~34Js) divided by 27 and I is defined as the

nuclear spin quantum number.

I plays a significant role in determining the possibility of detecting a material using the NMR
technique. NMR detects signals only for a non-zero nuclear spin. If a nucleus has an even
number of protons and neutrons, then the nucleus has no spin (/ = 0), and it is NMR silent.
325 160, and 12C are examples of NMR silent nuclei. On the other hand, if the number of either
the proton or neutron or both is odd, then it has a non-zero nuclear spin (I # 0) and detectable

by NMR. Nuclei such as 'H and '3C are examples of nuclei with non-zero spin.

As a consequence of the spin of protons and neutrons (which have a positive charge), a mag-
netic moment vector (i) is originated. The magnetic moment (i) is proportional to spin an-
gular momentum @) by the gyromagnetic ratio ¥, which is a unique intrinsic property of each
nucleus,

h=7vSs. (2.2)

The magnetic moment ({1) and the spin angular momentum (8) are vector quantities, and based
on their directions, the sign of the gyromagnetic ratio (y) is defined. Thus if the two vectors
have parallel alignment, then ¥ has a positive sign, while the negative sign describes anti-

parallel alignment, as shown in Fig. 2.1. 13C is an example of a positive gyromagnetic ratio

Soyth==------1 Souyth
Pole Pole

Figure 2.1: Determination of the gyromagnetic ratio’s (y) sign according to the alignment of the magnetic moment
() with respect to the magnetic moment (S).
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(y > 0), while '°N has a negative gyromagnetic ratio (y < 0).

2.1.2 Spin polarization and Larmor precession

The spin quantum number describes the spin’s possible orientation states, where 2/ + 1 can

determine the number of the spin’s possible orientations. The hydrogen atom ('H) has one

proton, which means that / = —. Therefore there are two possible orientations spin for the
hydrogen proton. In the absence of an external energy source, such as a static magnetic field,
both orientations have the same energy level. On the other hand, with the presence of a
magnetic field, the two orientations have two quantized energy levels described by Zeeman
splitting with magnetic the quantum number m (m = £— for a proton), as shown in Fig.2.2a.
The first possible orientation is the lower energy level, known as o spin state, and it’s parallel
to the magnetic field. The other orientation has higher energy, known as f3 spin state, and
opposes the magnetic field. The total energy difference is (AE) proportional to the strength of
the applied magnetic field (By), as shown in Fig.2.2b based on:

AE = —Ji-By. (2.3)

Conventionally the static magnetic field is in the z-direction (Bz = ’EO‘ = Bpand By =By =0)
and the magnetic moment in the z-direction is uz = ymh. Hence, the total energy difference
(AE) for proton is,

AE=F

m=—

1 1
-E 1= —(—E)ﬁyBoHE)ﬁyBo = hyBo. (2.4)
m:+§

N =

With the absence of the external magnetic field (By = 0) and the assumption that there is

a) b
With,ourt With _ )

magnetic field magnetic field =

A Bo A

me1/2 ¢¢ m=1/2 ¢
\

¥
— AE = H1B,

L s

\_¥m=-1/2 ¢¢
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.

Figure 2.2: Zeeman splitting. (a) Zeeman splitting of 'H nuclei with the application of an external magnetic field
(Bo). (b)The energy difference between the two quantized energy levels is proportional to the external magnetic
field’s strength (By).
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no spin to spin interaction, the magnetic moments have random orientations and degenerated
energy levels. If, in contrast, a homogeneous static magnetic field By is applied, conventionally
in z-direction, and due to the spin vectors’ energetic preference for parallel alignment with
respect to the external magnetic field, more spins prefer the parallel alignment than the anti-
parallel states. Consequently, a bulk macroscopic magnetization My originates, due to nuclear
magnetism, parallel to the external magnetic field and proportional to the quantity difference
of the parallel and anti-parallel states, as shown in Fig 2.3. This process of generating the net
magnetization (Mo) of a sample is known as polarisation. The magnetic moment rotates around
the external magnetic field vector with a specific frequency called Larmor frequency (),
and this rotation is known as precession, shown in Fig.2.4a. According to the Plank-Einstein
relation, the proton’s energy (E) is proportional to the frequency(v) (E = hv = h% = hw),

then Larmor frequency can be formulated using Equation 2.4,
E
o = =B, 25)

Equation 2.5 reveals the linear relation between the Larmor frequency and the applied static
magnetic field (Bp), as shown in Fig. 2.4b. Hence, a homogeneous By magnetic field is required
to achieve a proper spectral distribution without losing the sensitivity and selectivity of the
NMR. Additionally, the radio frequency (RF) circuits in the NMR should be correctly designed

to operate at the Larmor frequency.

The spin’s probability distribution of occupying one of the two available energy states is de-
scribed by Boltzmann distribution (¢~%/XsT). Hence, the ratio between the populations of the

occupied high and low Zeeman states is,

“Eap e
Nuign _Nop _e KT or (2.6)
Niower N+l/2 7E+1/2 7 .
¢ KT

Where K is the Boltzmann constant (1.38 x 10"23JK~!) and T is the temperature in K. Sub-
stituting in Equation 2.6 by Equation 2.4 with considering an approximation,
Nuigh | _ 17Bo

~

Niower KpT .

2.7)

The net magnetization can be be expressed in terms of total spin (Ny) using the population
difference (AN),

- d_ B()N(;’}/zﬁz

My = AN')/S = 4KsT (2.8)

10



2.1 Magnetic resonance fundamentals

a) wor +1/2 <)
spin state B,
% L
Bor-1/2
spin state

Figure 2.3: Effect of applying an external magnetic field on spin orientations. (a) Random spin orientations with
the absence of an external magnetic field. (b) Applying an external magnetic field (Bo), align the spins parallel
and anti-parallel to the applied field building the two energy levels a and . (c) The majority of the spins align
in parallel to the external magnetic field generating the net magnetization (Mp).

2.1.3 Excitation and relaxation

To conduct an NMR measurement, first, the target sample is polarized by applying the ex-
ternal magnetic field (Bp) to establish the longitudinal net magnetization vector My parallel
to By (conventionally in the z-direction). An excitation process is then done by applying a
time-varying magnetic field pulse (B;), subsequently evaluating the response of the nuclear

magnetic moments (spins).

To realize the resonance condition, the time-varying excitation magnetic field (B;) should
operate at Larmor frequency (@) using an RF inductor. The B; field should be superimposed
perpendicular to the external By field to forces the net magnetization vector to flip toward the
transversal XY plane and produce a flip angle (¢,) with respect to the Z-axis, as shown in
Fig.2.5,

Opq = YBIT. (2.9)

Equation 2.9 reveals the direct proportionality of the flip angle to the B field strength and the
pulse duration (7). Soft pulses, such as weak fields and long pulse durations, are mainly used

to select narrow bandwidth frequencies. On the other hand, hard pulses, with a strong field

) b)

A A A AAA }
-9 -
/ : Y

B, (Tesla)
Figure 2.4: Spin precession and Larmor frequency. (a) The spin polarization axis’s precession around the static

magnetic field vector (By) with the Larmor frequency (ap). (b) The linearity between the Larmor frequency and
the applied static magnetic field.

11
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and short pulse duration, excite a wide bandwidth. Therefore, the B; field’s pulse duration is

precisely controlled to achieve a flip angle of 90°.

Before applying the RF excitation pulse, the net magnetization vector entirely points in the
direction of the polarizing static By field, in this case, Mz = My, and My = My = 0. The
excitation processes result in a tilted magnetization vector with three components Mx, My,
and Mz. During the excitation process, the magnetization vector M rotates in the space around
ds.
)

dt
produced by the B field, as shown in Fig. 2.5. Accordingly, the longitudinal magnetization

the Z-axis within the XY-plane, forming a spherical pattern due to the torque T (' =

component decreases, and the transversal component increases till the flip angle reaches 90,
at which Mz = 0, Mx = M cos (wpt ), and My = My sin (gt )). Felix Bloch described the nuclear

induction phenomenon as a mathematical analysis using Bloch equations:

My (1) My cos (o) sinet e/
M(t) = |My(t)| = My sin (ar) sina e /2 . (2.10)
My(t) My cosa + (1—e /) (My — My cosa

Where T} and 75 are relaxation time constants describing the net magnetization vector’s mo-
tion within the relaxation stage to reestablish thermal equilibrium. The relaxation process
occurs by terminating the RF excitation pulse resulting in an alternating electric field that

could be detected using an RF coil; this signal is known as the NMR signal.

During the relaxation stage, the transverse magnetization My (M = My + jMy) decays ex-
ponentially (M7 o< ¢~'/2) following the T relaxation time constant (spin to spin relaxation),
which describes the dephasing of spins. This decay is called free induction decay (FID), re-
sulting from the fluctuations of the frequency due to the inter-nuclear actions, such as the
chemical interactions between the spins because of anisotropies. After starting the relaxation

process by time 7, the transversal net magnetization decays to 37% of its maximum value Mp.

a) )
[ E—
B 1 A 1
RF R
VA
| I | | I | | I |
* *

Figure 2.5: Impact of a time-varying excitation magnetic field (B;) on the magnetization vector (M) of a polarized
sample. (a) With the absence of the excitation field (B}), The magnetization vector (M) points in the direction of
the polarizing static (By) field (Mz = My and My = My = 0). (b) Applying a soft pulse with a duration #; results
in the magnetization vector’s inclination with a flip angle of 041 (0tra1 < 90°). (¢) A 90° excitation RF pulse is
applied, resulting in a total tilt of the magnetization vector to the XY plane (Mz = 0, My = Mycos (wot), and
My = Mg sin ((00[))
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Simultaneously, the longitudinal net magnetization Mz increases exponentially (Mz o< (1 —
e~/T)) to restore its full longitudinal magnetization. 7} relaxation is described as spin to
lattice relaxation. The system emits the excess energy out to the environment as photons to
reach equilibrium and achieve the preferred minimum energy situation. After starting the
relaxation process by time 77, the longitudinal net magnetization restores 63% of its maximum

value M.

Typically, the transversal magnetization (Mr) vanishes before the longitudinal magnetization
(Mz) is fully restored as T is shorter than 7}. Thus, a spiral pattern describes the magnetization

vector’s rotation during the relaxation stage, as shown in Fig. 2.6.

2.14 Free Induction Decay (FID)

As explained in the previous subsection, the total transversal magnetization (Mr) is a complex

sum of the magnetizations in both coordinates, X and Y,

My = My + jMy = Mycos (wyt)e /™ + jMysin (wot)e /™ = Moe/ ™' e=!/T2, (2.11)

M7 decays exponentially by the decay constant 75, so during relaxation, the magnetization
vector rotates around the Z-axis, and simultaneously its amplitude shrinks, as shown in Fig. 2.7a.
The real and imaginary parts of M7 decay are shown separately in Fig. 2.7b. The real and imag-
inary signals are sinusoidal with exponentially decaying amplitudes, and they have different
phases. A Fourier transform is applied to represent the signals in the frequency domain in-
stead of the time domain, as shown in Fig. 2.7c. The Fourier transform (FT) is a mathematical

transformation by integrating the product of a sinusoidal signal and the MR time-domain sig-

nal,
M(o) = / M) e 7 dr. (2.12)
a) b) T, recovery : 1-e "

1,00 |- T LISCOVEY 1.00
- N (UL
% I | X
20.37k =

N\ o
/R.\F/ 0.00 > T2 decay : e 0.00
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Figure 2.6: Magnetization vector’s behavior during the relaxation stage after being excited with a 90 degree flip
angle. (a) Re-alignment of the magnetization vector (Mo) with the polarizing field (By). The trajectory of Mo
follows an envelope shape function due to the ratio between the time constants 77 and 7>. (b) Longitudinal
recovery of M7 and transverse decay of Mxy over time.
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By applying Fourier transform for the transversal magnetization vector (Mr):

M(0) = /0 Moel ™ e1/T =0t gy — /0 Moelio=—)=1/T 44

o e—j(o—ay) = 1/Dr |
=Mo —j(@—an)—1/T» ‘o

_ Mo —jlo—w)+1/D
S jle-)+1/ 7 —jo—w)+1/T
M(w) /T . (0 — )

(2.13)

Mo  (0-)?+1/T2 (o—w)?+1/T

The line-shapes of the real and imaginary parts in Equation 2.13 are called absorption and
dispersion mode Lorentzian line-shapes. At the Larmor frequency (@ = @), the real part
reaches it’s maximum amplitude of 75, while the imaginary part is eliminated, as shown in
Fig.2.8a. To calculate the full width at half maximum (FWHM) of the absorption, the real part
is equated to T»/2:

M(o) I/Tz T
Re( = 5 5 ==
My (@2 — a0)*+1/T; 2
1
) a2 _ 1 b
S (@, — o) 2 o Op=oytporey— o
1 1
- FWHM = Ao = — — (- —
o FW o a)o+T2 (g Tz)
2
= A rads™!. (2.14)

Accordingly, the absorption’s maximum amplitude and FWHM are directly dependent on the
relaxation time constant 7>. Practically, due to the arbitrary initial phase shift (¢) between the

real and imaginary parts of the Mr signal in the time domain, the frequency domain’s line-

b) = Re (My) 9
uIm (My)
Py
o
c
Q
o ]
= N [
Isometric view S Fourier =
Y . = Time  Transform
Mye ™~ Wo
d? Frequency
" \x
N8
Top view FID NMR spectrum

Figure 2.7: Generation of the NMR signal during the relaxation stage. (a) During relaxation, My rotates around
By while precessing with the Larmor frequency to re-align with By. (b) The precessing magnetic moment gen-
erated a magnetic field, which can be picked up using an RF coil. The generated signal in the time domain is an
exponentially decaying sinusoidal with Larmor frequency. (c) Fourier transform is applied to transfer the signal
from the time domain to the frequency domain to acquire the NMR spectrum.
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shapes may neither be absorption nor dispersion, as shown in Fig.2.8. Consequently, after
acquiring the NMR spectrum, a phase correction for the real part is required to phase the

spectrum in absorption mode. This process is called phasing the NMR spectrum.

An RF coil with electrical resistance (R;) and inductance (L) is placed close to the target sam-
ple to obtain the NMR signal. According to Faraday’s law, based on the change in the net
magnetization vector with time, an electromotive force (€) is induced in the RF coil,
dop d(B-A dl

e)= - _ AEBH_ (215)
Where ¢ is the magnetic flux, equal to the dot product of the magnetic flux density B and
the perpendicular vector area A. I is the induced current in the RF coil as a result of the
change in the transversal magnetization My based on the external applied excitation magnetic
field B). Consequently, the induced electromotive force (€) is the NMR signal with direct
proportionality to My. The evolution of this signal is described by the free induction decay
(FID), as shown in Fig. 2.7.

a) Y
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c
) A\l mRe (M;) Absorption
mim (MT) Dispersion
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Figure 2.8: Effect of the arbitrary initial phase shift on the line-shape in the frequency domain. (a) The magneti-
zation vector (Mp) has no initial phase shift (¢ = 0°); hence the absorption line doesn’t need phase correction in
the frequency domain. (b) and (c) My has an initial phase shift (@) of 90° and 180°, resulting in an out of phase
absorption peak in the frequency domain that requires phase correction.
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2.2 Nuclear Magnetic Resonance (NMR) spectroscopy

Chemists massively utilize NMR spectroscopy to analyze compounds and determine their
structure and molecular identity. NMR spectroscopy is based on two essential phenomena,
chemical shift and J-coupling, to have the ability to differentiate the molecules. The funda-

mental steps of the NMR spectroscopy could be summarized in few steps, as shown in Fig. 2.9:

1. The target sample is located in a homogeneous static magnetic field By for polarization.

The energy levels are distributed to a high level (8) and a low-level (@) spin states.

2. An external RF magnetic field B is applied under the resonance frequency for the
excitation process. The protons perform a spin-flip after absorbing the required amount

of energy to move from « to 3 spin states.

3. The RF B field is switched off for the relaxation process. The protons release their
extra energy to restore their preferred low energy spin state (o) resulting in a chemical

shift (5).

2.2.1 Chemical shift

Chemical shift is a fundamental phenomenon of the NMR. The atoms’ bonds result in a slight
change in the energy gap between & and 3 spin states. Consequently, a slight shift in the range
of a few Hz could be observed on the precession frequency. However, NMR mainly focuses
on the nucleus, where the atom’s bonds and the electrons distribution affect the output signal.
As described previously, the protons’ dynamics are based on the absorbed energy after being

exposed to the external magnetic field. The electron distribution around the nucleus plays
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Figure 2.9: Basic procedures of NMR spectroscopy. Place the target sample in a static magnetic field (By) for
polarization, then apply an alternating RF magnetic field (B;) at Larmor frequency for excitation and finally
switch off the B field for relaxation and picking up the nuclear magnetic field.
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2.2 Nuclear Magnetic Resonance (NMR) spectroscopy

a significant role as it could shield the external magnetic field from reaching the nucleus, as
shown in Fig. 2.10. In the case of high electron density (strong shield), the external static
field has a lower effect on the nucleus, and the NMR spectrum appears at a lower frequency
(upfield) and vice versa. The primary source changing the electrons distribution in an atom is

the bonds with its neighboring atoms.

Figure 2.11 shows the typical NMR spectra of methyl chloride (CH3Cl) and methyl fluoride
(CHsF) as an example of the electron shield’s effect on the NMR spectrum. For methyl chloride,
the carbon atom has a polar bond with the chlorine atom, which contains 17 electrons around
its nucleus. On the other hand, for methyl fluoride, the carbon atom has a polar bond with
the fluorine atom, which contains only 9 electrons. Due to the higher electron density in the
chlorine atom, the electron shield in methyl chloride is higher than that in methyl fluoride.
Therefore, the methyl fluoride’s chemical shift (towards downfield) is higher than that for
methyl chloride (towards upfield).
5(ppm) = 73?1\(/112) X 10° = —(V(HZV)O (NYI’; Zf)(HZ)) X 106, (2.16)
where V is the measured frequency, and v,ef is a known frequency for a used reference sample
for calibrating the output signals such as 3-(trimethylsilyl)- propionic-2,2,3,3-d4 acid (TSP).
The chemical shift is calculated relative to the NMR operating frequency to maintain the same
chemical shift for each compound independent of the NMR operating frequency, leading to an

independent field measure.

2.2.2 Spin-Spin coupling (F-coupling)

The NMR spectra consists of singlets peaks with chemical shifts in between corresponding to
the different protons. On the other hand, within a particular molecule, the spin-spin coupling
affects the resulting spectrum. There are mainly two different spin-spin coupling mechanisms:

the direct dipole-dipole coupling and the indirect dipole-dipole coupling. The rapid tumbling

Bo

Deshielded Shielded

Figure 2.10: The electrons shield the nucleus from the external magnetic field. The nucleus on the left experience
a stronger magnetic field compared to the nucleus on the right due to the lower electron density.
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Figure 2.11: NMR spectra of methyl chloride (blue) and methyl fluoride (red). The different chemical shifts (5) are
due to the different electron densities around the chlorine and fluorine nuclei, which shield the external magnetic
field differently.

of the molecule suppresses the direct dipole-dipole coupling.

The indirect dipole-dipole coupling, also known as J-coupling, is the coupling of the nuclear
spins through the assistance of the electrons resulting in the observed multiplet structures.
The magnetic field generated by a spinning proton magnetizes the electrons, affecting other
neighboring protons; therefore, it’s known as indirect coupling. Figure 2.12 shows different
conditions for the J-coupling. For example, in a molecule containing one 'H and one 13C, 'H
can adopt one of the two possible alignments (aligned with or opposed to Bp). Consequently,
the NMR spectrum of '3C in CH group is split into two peaks of equal intensity due to the
proton’s effect. In case 13C is coupled to two 'H in a CH, group, then the peak is split twice,
one for each bond. Each of two hydrogen protons has two possible alignments with the By field
resulting in four possible alighments combinations. The combinations result in three magnetic
effects. Due to the ratio between the alignments combinations, the peaks’ intensities have a
ratio of 1:2: 1. In case 13C is coupled to three 'H in a CH3 group, the peak is split into a
quartet pattern with an intensity ratio of 1 : 3: 3 : 1. The frequency separation between the
peaks resulted from the J-coupling is specified in Hz. For example, the J-coupling frequency

separation between the 'H and !*C spins in the ethanol’s CH; group is 124.9 Hz.

2.3 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is another unique application based on the MR principle.
MRI is a medical imaging technique that is used to create images of the internal organs with-
out interventions. MRI is widely used to diagnose tumors, internal bleeding, developmental
anomalies, and other internal disorders. Another medical technique for internal imaging or-
gans is computerized tomography (CT) which is based on sending X-rays through the body

and analyzing the receptor waves, then the physical location is reconstructed numerically. CT
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Figure 2.12: Resulted multiplet structure due to the indirect dipole-dipole coupling (J-coupling). A '3C doublet,
triplet, quartet resulted from coupling to one, two, or three 'H protons, respectively.

suffers from involving harmful radiation and, in most cases, it demands contrast agents.

In contrast to CT, MRI doesn’t include radiation exposure. The location in 3D space is re-
constructed by using magnetic fields to manipulate the atoms’ magnetic properties based on
particular frequency and phase. The pure MR output signal shows the net magnetization and
doesn’t provide information about the spatial distribution. Hence, the keyword for MRI is the

spatial encoding by using gradient coils to encode the MR FID signal, as shown in Fig. 2.13.

2.3.1 MRI spatial encoding

The three linear gradient magnetic field coils shown in Fig. 2.13b are used for encoding the
magnetic field through the three primary spatial directions by performing slice selection (SS),
frequency encoding (FE), and phase encoding (PE). The part that needs to be imaged is in 3D
shape, so in the beginning, the target part should be divided into slices, then processing each
slice in 2D. Slice selection is based on the fact that only the exciting spins could generate nu-
clear magnetic signals. Slicing is done by applying linear-gradient (Gz) in the z-direction with
a proper excitation profile to achieve the desired slicing, as shown in Fig. 2.14. Simultaneously,
an RF excitation pulse is applied with an appropriate profile, corresponding to a rectangular
waveform in the frequency domain and a Sinc waveform in the time domain, with excitation
bandwidth Af,.. The slice thickness (AZ) is proportional to excitation bandwidth and slope

of the linear-gradient, and it represents the depth of the voxel:

Bz(z) = Bo+ GzZ, (2.17)
Afexc

AZ = =2 2.18

4Gy (2.18)
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a) Without spatial encoding
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Figure 2.13: The MR free induction decay (FID) signals (a) without and (b) with spatial encoding. Encoding the
FID is done by employing gradient coils [top right] for creating gradient magnetic fields in three spatial directions;

X,Y, and Z.

The slice thickness is determined by the gradient field’s steepness in the z-direction and the

RF pulse bandwidth, as shown in Fig. 2.15. The slice thickness can be reduced by increasing

the Gz gradient steepness or narrowing the Rf pulse’s bandwidth.

Subsequently, another spatial dimension is encoded using phase coding (PE) to differentiate

the pixel within the desired slice. A linear-gradient Gp is applied in the Y-direction for a short

RF amplitude AF
Slice no. : 2| |37] |4t
A Frequency o frequency
; e
fo
By —
Z-axis N
time

Z Coil

Figure 2.14: Slice selection (SS) is done by applying linear-gradient field (Gz) in the z-direction and RF excitation
pulse with a profile corresponding to a rectangular waveform in the frequency domain represented by a Sinc

waveform in the time domain.
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2.3 Magnetic Resonance Imaging (MRI)

time between the excitation and acquisition stages. As a result of this gradient, each pixel’s
phase within the slice changes with respect to its position on the Y-axis. The field of view
(F OVp), which represents the size of the area that the phase encoding covers, is proportional

to the phase gradient and the number of points N with respect to the total duration 7p,

N1
YGpTp  yGpT’

FOVp = (2.19)
Where 7 is the pulse duration corresponding to the total duration divided by the number of

points.

Lastly, during the readout stage, the third spatial dimension is considered for frequency encod-
ing (FE) by applying a linear gradient G in the X-direction. Similarly, its F OV} is proportional
to the frequency gradient and digitized bandwidth Af, which is the receiver bandwidth Af,.,
divided by total numbers of points M.

Afacy _ Af
YGM  yGy

FOVy = (2.20)
Consequently, in the end, spatial information for each voxel within the target part is available
to construct the image. The combination of the RF excitation pulses with the three different
gradient magnetic fields to generate the MR image is known as the MR imaging sequence.
Each imaging sequence has a different order of applying the slice selection (SS), the phase
encoding (PE), and the frequency encoding (FE) with respect to the RF excitation signal. There
are various MR imaging sequences to acquire voxels’ information of a target part. Two of
the standard MRI sequences are the spin-echo and the gradient-echo sequences. The timing

diagram of both MRI sequences is shown in Fig. 2.16.

In a typical spin-echo sequence, a 90° excitation RF pulse is applied simultaneously with the
slice selecting gradient in the z-direction. Consequently, the desired slice is selected, and its

spins are excited. After that, a defined phase encoding pulse is applied in Y-direction. Another

a) b)
f f
RF pulse RF pulses
a7 {
wo=YBy wo=YBy
W,
—

Z-axis W, Z-axis W,

Figure 2.15: Effect of changing the gradient’s strength in the z-direction and the RF pulse bandwidth on the slice
thickness. (a) The strength of the gradient field in the z-direction is inversely proportional to the slice thickness.
On the other hand, (b) The RF pulse bandwidth is directly proportional to the slice thickness.
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a) Spin-echo MRI sequence b) Gradient-echo MRI sequence
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Figure 2.16: The MRI sequence timing diagrams of a standard spin-echo imaging sequence and standard gradient-
echo imaging sequence.

180° excitation RF pulse is then applied along with the z-direction gradient to enhance the
magnetic moments after dephasing to increase the net magnetization before recording the MR
signals. Applying the 180° RF pulse is the main drawback of this imaging sequence because
of the high RF power demand. Finally, the frequency encoding pulse is applied while the MR
echo signal is recorded. These steps are repeated N times based on phase encoding steps. The
time required to acquire one echo signal is called the echo time (TE) and is defined by the
time between the centers of the excitation pulse and the echo signal. The time between two
consecutive excitation pulses for the various phase encoding steps is known as repetition time
(TR).

The gradient-echo MRI sequence is almost similar to the spin-echo sequence without the 180°
excitation RF pulse. At first, a 90° excitation pulse is applied along with the slice selection
gradient as in the spin-echo imaging sequence. Simultaneously, with applying the phase en-
coding pulse, a negative frequency encoding pulse is applied to compensate for the expected
magnetic moment’s dephasing during the readout gradient. This negative frequency encod-
ing technique is used to refocus the magnetic moment instead of using the 180° excitation RF

pulse.

2.3.2 K-space matrix and image computation

For obtaining a computational image, all the acquired encoded MR signals are recorded in a
matrix known as the k-space matrix with size (M x N). The k-space matrix represents an array

of spatial frequencies. The MR signal (or FID) is sampled and filled into the k-space matrix
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2.4 Magnetic resonance hardware

during the data acquisition. There are various filling schemes, and one of the standard schemes
is the sequential acquisition or Cartesian filling, where the k-space points are determined as

follows:

1. In the case of the frequency encoding (in the X-direction),

1

—_ 2.21
Fov (221)

ky=mAky=m

where m € 1,2,...,M. Substituting by Equation 2.20 in Equation 2.21 and Af = 1/A¢
where At is the period of the sampling pulse,

cokp =myGyrAt. (2.22)

2. Similarly, in the case of the phase encoding (in the y-direction) and by using Equa-
tion 2.19,
kp = nAkp = n'yAGp’L', (2.23)

After filling the k-space matrix, a 2D discrete Fourier transform is performed to the matrix to
convert the spatial frequencies (kz, kp) to the positions (X,Y) representing spin density distri-

bution to compute the final image, as shown in Fig. 2.17

2.4 Magnetic resonance hardware

The NMR spectrometer and the MRI scanner have the same hardware units except for the
gradient coils, present only in the MRI scanner. Nevertheless, some NMR experiments might
require gradient fields,i.g., voxel-based or Self-Diffusion (SD) NMR spectroscopy. Figure 2.18

show the main building unit of MRI scanners which consists of;

1. Magnet for providing the static By magnetic field for magnetization.

2. Shimming coils to generate the shim magnetic field, which is superimposed to the static

magnetic field to compensate for its minor spatial inhomogeneities.

3. Radio frequency (RF) coil for generating the electromagnetic B field for excitation and

detecting the nuclear magnetic signal.

4. Three gradient coils for spatial encoding.
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Figure 2.17: Obtaining an MRI image by applying the three axes gradient fields. (a) A typical MRI spin-echo
pulse sequence for encoding the magnetic field. (b) First, slice selection (SS) is achieved by applying a gradient
field in the z-direction and an RF pulse, then phase encoding (PE) and frequency encoding (FE) are applied to
encode the selected slice. PE is achieved by applying gradient field in the Y-direction, leading to phase change
of the magnetic moments with respect to their Y-axis position. FE is achieved by applying a gradient field in
the X-direction, magnetic moments are subjected to a different frequency with respect to their X-axis position.
(c) The sampled MR echo signals are used to fill the k-space matrix . (d) Finally, the MRI image is acquired by
applying 2D Fourier transform to the k-space matrix.

2.4.1 Static magnet and shim field

The magnet is responsible for producing the static By field for polarizing the sample by aligning
the magnetic moments of the sample’s spinning nuclei. For human MRI applications, hospitals
usually have standard MRI scanners with 1.5 or 3 T. The approved limit for the human MRI
scanner is 7 T. Researchers are trying to push the human MRI limits for higher fields where a
10.5 T magnet was used for human imaging [25]. For an NMR spectroscopy, superconducting
magnets are commercially available that can provide highly homogeneous magnetic fields of
up to 25.9T [26].

The static magnetic field needs to be highly homogeneous within 1 ppb (part-per-billion) for
high-resolution NMR spectroscopy and to prevent geometrical distortions in the MR imaging.
Consequently, shim coils are used to generate spherical harmonic magnetic fields, which are
superimposed to the main magnet By static field for inhomogeneity compensation. The inho-

mogeneities result from internal ferromagnetic materials, sample permeability, probe material,
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Figure 2.18: Overview of the main hardware components of a typical magnetic resonance imaging (MRI) scanner.

and imperfection of the main magnet.

2.4.2 Gradient coils

The gradient coils are used for performing spatial encoding. There are three gradient coils
aligned in the three space directions X, Y, and Z. For each gradient coil, linear gradients are
produced based on two variable spatial encoding parameters; i) The first parameter corre-
sponds to the gradient strength at the position Tm™!, ii) The second parameter is the gradient
slope which represents the field’s change with respect to time ms. The gradient coils are con-
nected to electronics circuits consisting of current amplifiers, gradient pulse programmers,
and digital to analog converters (DAC). The user controls the pulses’ width, amplitude, and
shape using the gradient pulse programmer through a computer user interface. The signals
are then converted to analog data using DAC. Finally, the current amplifier amplifies the pulse

signals to drive the gradient coils.

2.4.3 Radio frequency coils

The MR (FID) signal is generated by changing the orientation of the net magnetization vec-
tor by a certain flip angle. This excitation procedure is performed using an alternating RF
field generated by an RF coil. In general, Two RF coils are required; i) the first coil is used
for excitation by producing the RF magnetic field (B;). The generated magnetic field can be

manipulated to establish a particular flip angel,e.g., 180° flip angles in the spin-echo imaging
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sequence, ii) The second the RF coil is employed to acquires the MR signal (FID) during the
relaxation process. Two separate RF coils could be used as transmitter and receiver, or one RF

coil could be used as a transceiver based on the reciprocity principle.

The RF coils are attached to an electronic circuit consisting of a pulse programmer, an RF
signal source, and power amplifier. The RF coil should be tuned at the corresponding Larmor
frequency to excite the spins or acquire the MR signal either as transmitter or receiver. As a
transmitter, the pulse duration (7) can be adjusted through the pulse programmer via a fast
switch called a pulse gate. The adjusted pulse duration corresponds to a certain flip angle of
the net magnetization vector based on the application. As a receiver, the coil should be placed
near the sample, where the released energy from the sample during the relaxation induces an

electromotive force in the RF coil.

For an RF coil to be utilized for MR measurement it requires an adjusting interface circuit called
matching and tuning circuit. The matching procedure is performed to adjust the RF coils’
internal impedance to match the connecting cable’s impedance to avoid losses resulting from
power reflections. The tuning procedure is essential to tune the resonance frequency of the RF
coil to the Larmor frequency to excite the spins during the excitation process and pick up the
MR signal during the relaxation process. The standard matching and tuning circuit consists
of a variable tuning capacitor (trimmer) attached in parallel with the RF coil. In contrast, a
variable matching capacitor is shunted in series with the coil, as shown in Fig. 2.19a. The
equivalent electrical circuit of an RF coil consists of inductance L¢,;;, intrinsic resistance Rcyj,

and parasitic internal capacitance Ccy;.

The static magnetic field By has a much stronger field than the generated RF magnetic field
B by a factor of 10%. Hence, the RF coil should resonate at Larmor frequency to minimize
the required energy to excite the spins and produce the flip angle. For an RF coil to excite the

spins, the generated energy should cover the Zeeman states’ energy difference.

The upper limit of the resonance frequency of an RF coil is defined by its internal compo-
nents. For any RF coils, the resonance frequency (®;) is proportional to the coil’s inductance
and capacitance (®, = 1/v/Lcoii Ccoir)- Hence, for utilizing an RF coil in MR measurements,
it should be designed to have a self resonance frequency (SRF) higher than the Larmor fre-
quency. Consequently, the coil’s resonance frequency can be shifted down toward the Larmor
frequency by increasing either the inductance or equivalent capacitance. For MR applications,
the equivalent capacitance is increased by adding the tuning capacitor (Cr) in parallel to the
coil. The resonator’s equivalent capacitance is the summation of the coil’s internal capacitance
and the tuning capacitance (Cryqr = Ccoit + Cr). Therefore, the resonance frequency of the
MR resonator could be adjusted by increasing the tuning capacitor to lower the frequency till
it is tuned to the Larmor frequency as follow:

1
o =0)=—— (2.24)

V LC()il (CC()il +CT) ’

26



2.4 Magnetic resonance hardware

a) Cy

|
2l

RCoil
Ceoil y.AS:

LCoi

RF Coil M/T Circuit

0.3 0.7 0.3 0.7

. .5 0.6
Frequency (GHz)

fCy

-—

T -70 T
0.7 0.3

-8e20 ¥

04 05 06 4 05 06 07

Frequency (GHz) Frequency (GHz)
Figure 2.19: Typical matching and tuning network circuit and simulated behavior. (a) Schematic of the equiv-
alent circuit of a non-ideal coil attached to matching and tuning capacitors. (b) and (c) Simulation results us-
ing Advanced Design System (ADS) software for the equivalent circuit in (a). The modeled coil (L¢,; = 30nH,
Rcoir = 2Q) was tuned to a resonance frequency of 500 MHz using Cy = 2.71pF and matched to 50 Q using
Cy = 0.68pF. (b) the results of sweeping Cr with keeping Cys constant. (c) The results of sweeping Cy with
keeping Cr constant.

Due to the non-ideality of the RF coil, it has an internal resistance modeled in series with its
inductance resulting in a complex impedance of the coil (Z¢,;;), shown in Equation 2.25. The
coil’s impedance is the summation of the coil resistance R¢,;; and the equivalent reactance
(Xcoir) of the inductance and capacitance. For connecting two circuits, such as the RF coil
and the power amplifier, their impedance should be matched to efficiently transfer signals and

avoid power reflections. The internal amplifier impedance and the resistance of the connecting
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coaxial cables are 50 Q, so the coil impedance should also be matched to 50 Q at the resonance
frequency (Z.,i = 50Q and X¢,;; = 0). Adding a matching capacitor (Cy) in series with the
Coils gives control over the coil impedance’s reactance. Hence, Cr is used to tune the coil to
the Larmor frequency and set the real part of the coil’s impedance to 50 Q, while Cy is used

to eliminate the residual imaginary part, using Equation 2.26.

-~ (Rcoil + ijCm'l)
OCc,;
Zeoil = / 1 Coil s (2.25)
——— + (Reoit + JOLcoi
]wcCoiI + ( coil TJ Cotl)
1 1
Coil Coil —;
1
R OCr )50, g— 49T 1 g (2.26)
Zeoot 1 Zewil + # jCOCM
Coil C Coi, oC

A numerical simulation was done using Advanced Design System (ADS) software for the
matching and tuning circuit shown in Fig. 2.26a. The modeled inductor has an inductance
of Lcoii = 30nH and an intrinsic resistance of Rc,;; = 2Q. It was tuned to a resonance fre-
quency of @y = 500MHz using Cr = 2.71pF and matched to 50 Q using Cy; = 0.68 pF. The
tuning capacitor (Cr) was then swept from 1.71 pF to 3.71 pF with a step of 0.5 pF with keep-
ing the matching capacitor at a constant value of 0.68 pF. The effect of changing Cr on the
circuit impedance and reflection coefficient (S1) is presented in Fig. 2.19b. Cyy was then swept
from 0.08 pF to 1.28 pF with a step of 0.3 pF with keeping Cr at a constant value of 2.71 pF.
The effect of changing Cy on the circuit impedance and reflection coefficient (Sy1) is presented
in Fig. 2.19¢c. Changing Cr affects both the real and imaginary parts of the circuit’s impedance,
while Cys only affects the impedance’s imaginary part. Therefore, Cr is adjusted first to tune

the circuit, and Cyy is then used to eliminate the imaginary term.

The matching and tuning circuit configuration shown in Fig.2.19a is known as the unbalanced
matching scheme. The balanced matching scheme can be achieved using two matching ca-
pacitors instead of one capacitor, one at each terminal of the RF coil, as shown in Fig. 2.20a.
The balanced scheme reduces the coil to ground losses as long as the voltage amplitude is the
same at the two terminals of the circuit with inverted phase. In NMR spectroscopy, the RF coil
is placed onto the probe-head inside the magnet where it is difficult to reach. So the match-
ing and tuning capacitors (Cr pj, and 2 x Cy pp,) could be used to pre-adjust the RF coil before
connecting it to the NMR probe. Additionally, two more variable capacitors (Cr p, and Cyy pp)
are built-in the probe and can be mechanically controlled from outside the magnet using rods

for fine-tuning, as shown in Fig.2.20a.

The probe’s trimmers (Cr,p, and Cyy,p) are connected in series with the RF resonator. Hence,
both trimmers will provide the matching capacitor’s functionality, which does not offer full

control of the RF coil. Therefore, a shunt capacitor (Cp) is added to set Cr pj, in parallel with
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Figure 2.20: Schematic circuit and simulated behavior of the balanced matching and tuning network attached
to a coil on a typical NMR probe. (a) Schematic of the equivalent circuit of an RF coil on an NMR probe. The
non-ideal coil is connected to a balanced matching and tuning circuit on the probe-head (Cr pj, and 2 x Cy pp) for
pre-tuning and the probe’s trimmers (Cr p, and Cy; pp) for fine-tuning. (b)-(e) Simulation results using Advanced
Design System (ADS) software for the equivalent circuit in (a). The modeled coil (Lcyiy = 30nH, Repir = 2Q)
was tuned to a resonance frequency of 500 MHz and matched to 50 Q using Cr ,, = 2pF, Cy,p;, = 10pF, and
Cr pp = Cy pp = 3.5pF. The simulation results show the change in the circuit equivalent impedance by sweeping:
(b) Crpp and Cyy pp with Cp as an open circuit, (c) Cp while keeping the rest of the capacitors constant, (d)
sweeping Cr p, with Cp = 1pF, and (e) Cy p, with Cp = 1 pF.
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the RF resonator to give it the tuning functionality. Based on the lumped-model presented
in Fig. 2.20a, the equivalent impedance (Z7,,;) was driven with and without (Cp). In Equa-
tions 2.27 and 2.28, the terms highlighted in blue set the tuning frequency, and the terms
highlighted in red affect only the imaginary part of the impedance resulting in a matching
behavior. Equations 2.27 and 2.28 reveal the role of Cp in providing Cr pj, the tuning function-
ality.

Zeoit -1/ jOCr.pyy 1.2 1 1
Zeoit +1/ joCr py JO Cypn  Cyps  Crpp

Zrora "W/O Cp” = ) (2.27)

Zeoit - 1/ joC: 1 2 1 1
coil /] T,Ph + ))} H CP + - )

Ztorar "With Cp” = —
Toral RSP [(anil+1/ijT,Ph JO Cypn  Crpp JoCy

(2.28)

A numerical simulation was done using ADS software for the balanced matching and tuning
circuit shown in Fig. 2.20a. The modeled inductor has an inductance of L¢,; = 50nH, an
intrinsic resistance of R¢,;; = 2Q, and the internal capacitance is neglected Cc,;; = 0. The coil
is tuned to a resonance frequency of 500 MHz with selecting the capacitance values of Cr p, =
2pF, Cy pp = 10pF, and Cr p, = Cy pp = 3.5pF. First, each of Cr p, and Cy p, were swept
separately from 1 pF to 4 pF with a step 1 pF, with holding the other capacitor at a constant
value of 3.5 pF and without Cp. The result is presented in Fig. 2.20b, which demonstrates
that both Cr p; and Cy p, have a matching effect by changing only the imaginary part of the
impedance. Next, Cp is added, and its value was swept from 0.1 pF to 4 pF with a step 1 pF.
The effect of sweeping Cp on the impedance is plotted in Fig. 2.20c. With Cp = 1pF, each of
Cr.pj, and Cyy p, were swept again (from 1 pF to 4 pF with a step 1 pF), with holding the other
capacitor at a constant value of 3.5 pF. The effect of sweeping Cr p, with the presence of Cp on
the impedance is shown in Fig. 2.20d. Cp sets Cr pp, in parallel with the RF resonator, affecting
both the real and imaginary parts of the impedance giving it the tuning functionality. On the
other hand, since Cy pj stays in series with the RF resonator, it keeps its matching effect as

shown in Fig 2.20e.

2.4.4 MR characterization

The quality of the acquired MR signal and the hardware components’ functionality can be
evaluated by devaluing the Signal-to-Noise (SNR) Ratio of the resulted MR data. The SNR is a
common concept in signal processing. According to conventional signal theory, SNR is defined
as the square root of the ratio between the signal intensity and the noise intensity. However, in
the NMR community, SNR is the fraction between the signal amplitude of the NMR spectrum

and the root-mean-square of the noise as described by Hoult and Richards [27]. A reformulated
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closed-form version of the SNR was introduced by Peck et al. [28] as follow:

2
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(2.29)

where kg is a scaling factor related to the homogeneity of the alternating B; field, i is the
current flowing through the RF coil, R, is the AC electrical resistance of the coil comprising
the proximity and skin effects, Vyunpie is the active sample volume, N is the spin density, and
Af is the spectral bandwidth.

Equation 2.29 indicates that besides the temperature and the By field intensity, the RF coil is
the fundamental unit affecting the SNR since it has to pick up the weak MR signal. Hence, the
design and optimization of the RF coil should be done with great attention to reduce the noise
it generates, especially while receiving the MR signal. The SNR denominator represents the
MR coil’s noise which is mainly thermal noise developed in the coil and sample. This noise is

commonly known as Johnson noise [29] and is described by Nyquist formula:

Vaoise = V 4kBTRm)ixeAf~ (230)

The main parameters to characterize the MR coil performance are the B1 homogeneity, probe
efficiency (np), and Quality factor (Qp) to enhance its performance and thus the SNR. The
mathematical and practical methods for evaluating these parameters are summarized in Ta-
ble 2.1.

The filling factor (o) is another critical parameter that differentiates one MR coil topology
from another. The filling factor is the ratio between the sample volume observed by the B

field to the whole B field volume. o is evaluated by the weighted moment,

_ j‘B%p(r)dv7 (236)
[ BdV

where the parameter p(r) is unity in the locations where the sample is affected by the B; field
and zero elsewhere. For example, a solenoid coil with the internal volume filled with the sam-
ple has a filling factor of o = 1/2; other typologies usually have a filling factor much lower
than that. Selecting a proper filling factor is a matter of optimization as increasing the filling
factor increases the NMR signal. On the other hand, the sample should also be kept far from
the coil’s material where the By field is distorted due to the susceptibility mismatch, which
leads to low spectral resolution. The NMR spectral line-shape is considered a benchmark of
By distortion, with signals showing a sharp narrow Lorentzian reflecting By field with high
homogeneity. Increasing the By field strength or reducing the temperature boosts the spin
polarization, enhancing the signal amplitude and SNR. The minimum detectable quantity of

a sample for a given system is defined as the limited detection (LOD), which is inversely pro-
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Table 2.1: Methods for evaluating the MR coil’s characterization parameters

Theoretical

Practical

Probe efficiency (1p)

The NMR probe’s efficiency can be calcu-
lated by dividing B; field strength over the
square root of applied power (Pc,;;), which
is also equivalent to the sensitivity (B /i)
divide by the square root of coil resistance

(Reoit) [30],

By By
VPeoit — ivReoi”
For any given coil geometry, the mag-
netic field can be calculated following Biot-

Savart law at any point with position vec-
tor r,

np= (231)

Uo [Ildlxr
r)=-— 3T
4w C ‘r‘

(2.32)

where I is the current and py is the perme-
ability. The higher the efficiency, the less
the required power to achieve a 90° flip an-
gle.

The probe efficiency can be experimentally
determined according to the frequency

(fnur) of the nutation spectrum?

Tout = fout
Pulse length (ps)

Ampg
AMpysg

Intensity (a.u.)

1
ot = 5¥Bisin6. (2.33)

This equation is used to determine By, and
then np can be calculated. 6 is the angle
between the By and B field, ideally 6 =
90°.

B; homogeneity

B homogeneity can be evaluated by cal-
culating the B field using the Biot-Savartt
law at every point within the active sample
volume and estimating the difference be-
tween the maximum and lower values. A
homogeneous B field results in equal ex-
citation of the sample spins and enhances
the MR signal.

The B; homogeneity can be determined
from the decay rate of the nutation spec-
trum. A slow decay of the nutation curve
reflects a high degree of B; homogene-
ity. The closer the ratio Ampoy-/Ampyse
to unity, the higher the homogeneity.

Quality factor (Qp)

The Quality factor Qp describes the energy
losses. Higher resistance leads to energy
dissipation through the coil. Qp is the ra-

tio between the coil’s reactance and resis-
tance. I
Op = WoLcoil ) (2.34)
Reoir

Qp can be experimentally determined by
measuring the reflection coefficient (S11),

Af

-3dB o

Sy (dB)

fo
f(MHz)

knowing the bandwidth at —3 dB (f_34B)
of the resonance frequency (fp),

_ 2
Af 3a’

Or (2.35)

2 The nutation spectrum is the magnetization progression with raising the excitation pulse length (7) at a

32

constant supplied power (Pcyir).
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portional to the SNR. The normalized limit of detection (nLOD) is defined for an SNR of 3 and
is given by [30],

3ngV/Ar
SMRg,’

Where At is the single scan acquisition time, 1, is the number of spins presented in the sample,

nLOD, = (2.37)

and SNR, is the calculated SNR in the frequency domain.
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3 Flexible electronics fabrication

lexible electronics have drawn significant attention since they first appeared in the 1960s

because of their magnificent potential in several emerging applications [31]. The global
market size of flexible electronics was valued at $23.64 billion in 2019 and is expected to rise
rapidly to reach a value of $42.48 billion by 2027 [32]. Flexible electronics have found their
way in many devices such as electronic components [33], displays [34], solar cells [35], and
radio frequency identification devices (RFID) [36]. Flexible electronics provide a significant
push for developing wide range of technologies as wearable electronics [37], health moni-
toring devices [38], and intelligent textile [39] as they are more efficient than conventional

electronics.

The first part of the thesis (Chapters 3 and 4) discusses the different fabrication technologies
developed for building flexible electronic devices that are used in the second part (MRI ap-
plication) and the third part (NMR application) of the thesis. A flexible electronic device is
generally built out of a thin passive flexible substrate with active electronic components on
one or both sides of a substrate, enabling rolls, bends, folds, and stretches without hindering

its performance.

The micro MR-detector consists mainly of inductors and capacitors. The different inductors’
typologies can be achieved by structuring a conductive layer on a dielectric substrate. On the
other hand, capacitors require structuring a dielectric layer on top of the conductive layer to
realize parallel plate capacitors. Besides these two passive electronic components, fabricating
diodes was needed for the MRI application. Hence, this chapter is divided into three sections.
Section 3.1 discusses the different technologies for depositing a conductive seed-layer on a
flexible substrate with focusing on the inkjet-printing technique. Section 3.2 introduces a
novel insulator ink compatible with the inkjet-printing technique to realize a high dielectric
high quality factor flexible capacitor. Section 3.3 explains a fabrication process for building

flexible diodes using inkjet-printing.

3.1 Conductor seed-layer patterning

Substrate selection is an important step in the fabrication of flexible electronic devices [40].
The substrate’s mechanical properties should meet the application specifications regarding
flexibility, and it should be rigid enough to sustain mechanical stresses during the fabrica-
tion process. The electrical properties are essential to restrain leakage currents in electrical
devices. The thermal properties play an essential role during the device operation for con-
trolling the generated heat dissipation. Moreover, the substrate’s characteristics, such as heat
resistance, chemical resistance, and surface smoothness, determine the substrate’s compliance

with different manufacturing processes.
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3 Flexible electronics fabrication

Several material categories have been used as a base substrate for flexible electronic devices;
the most common ones are papers, textiles, and polymers. Paper substrates are very common
in the field of flexible electronics [41]. They are mainly made out of compressed cellulose
fibers into thin sheets. The cellulose mesh network and type of filler material define the pa-
per’s properties, structure, and thickness [42]. Paper-based substrates have a set of unique
properties such as mechanical strength, flexibility, and customizability. However, paper-based
substrates suffer from poor thermal performance due to the large pore size and the presence
of moisture in the paper [43]. Thus, paper substrates are not compatible with fabrication pro-
cesses that include high curing temperature, i.g., limiting the deposition processes that can be
used on paper. Textile substrates [39] have been recently considered for use in flexible elec-
tronic devices, with most applications related to wearable electronics [44]. Due to textiles’
flexibility and stretch-ability, most of the coating processes used with them are rapid pro-
totyping techniques, such as screen printing, dip coating, inkjet-printing, or hand stitching.
Polymer substrates are one of the most attractive choices of materials for flexible electron-
ics [45]. Polymer-based substrates can be divided into: 1) semi-crystalline polymers such as
polyetheretherketone (PEEK), polyethylene terephthalate (PET), and polyethylene naphtha-
lene (PEN); and 2) amorphous polymers such as polycarbonate (PC), polyethersulphone (PES),
and polyimide (PI). Due to the different structural organization levels and different chemical
compositions, these polymer substrates feature a wide range of mechanical, chemical, and
thermal properties. Pls are of the most promising polymer substrates for flexible electronic

devices due to their excellent mechanical, physical, thermal, and dielectric properties [46].

Through this thesis, Kapton polymer foil has been used as the base substrate to manufacture
MRI and NMR flexible electronic devices. Kapton has several advantages which makes it a
perfect candidate for our applications, such as [47]: 1) thermal stability over a wide range of
temperatures (from —269 °C to 400 °C) makes it compatible with most of the micro-fabrication
technologies; 2) perfect electrical insulation with good dielectric quality; 3) chemical stability,
compatible with most solvents and solutions involved in the micro-fabrication process as well
as in the NMR/MRI experiments; and 4) availability as ultra-thin sheets with thickness down to
a few micrometers. Moreover, the Kapton polymer was chosen for the NMR/MRI applications

due to its magnetic susceptibility, which is close to that of water [48].

Conductive electrodes are the primary building block of the flexible electronic devices. De-
positing conductive electrodes with a specific structure, morphology, and pattern is an es-
sential step in the electronic systems’ fabrication process. In conventional micro-fabrication,
conductive materials are deposited by employing physical vapor deposition (PVD) or chemical
vapor deposition (CVD), which is commonly used in the semiconductor industry. Patterning
the deposited conductive layer is conventional done with the mean of the photolithography
process. On the one hand, this process results in uniform conductive tracks of a high de-
gree of material purity with precise resolution and thickness. On the other hand, this micro-

fabrication process involves using expensive instrumentation, which requires a clean-room en-
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3.1 Conductor seed-layer patterning

vironment adding to the process cost, complexity, and duration. Therefore, inkjet-printing, an
alternative rapid prototyping approach, has been considered for depositing conductive tracks
with the desired pattern. Inkjet-printing is done using a bench-top laboratory printer without
the need for further special instrumentation, making it a relatively cheap and fast deposition
method.

This section briefly describes the different fabrication processes tested for depositing conduc-
tive structures onto flexible Kapton film to produce NMR/MRI compatible sensors. Two cate-
gories of fabrication processes have been considered: 1) photolithography processes 3.1.1 that
can be categorized to "mask and deposit methods" or "mask and etch method"; and ii) rapid
prototyping process 3.1.2 where inkjet-printing is used (mask-free technique). By the end of
the section, all processes have been compared with highlighting the processes used further for
fabricating the NMR/MRI sensors.

3.1.1 Photolithography

Photolithography is the key fabrication technology in the semiconductor industry and mass
production of silicon-based devices. Photolithography allows fabricating devices with resolu-
tions down to several nanometers and is the leading operator behind the miniaturization trend
known as Moore’s law. Photolithography is an established micro-fabrication method that uses
mostly UV-light for micro-structuring, hence also known as UV-lithography [49]. In its sim-
plest form, a layer of photosensitive chemical is deposited on a base substrate, and a photon
beam is used to transfer a pattern written on a photo-mask to the photosensitive layer [50]. A
specific series of chemical treatments are then applied either for depositing another material
in the exposure pattern onto the base substrate or etching the photo-mask pattern into the
based substrate. Four different variants of the photolithography process have been tested to
deposit structured conductive tracks on the Kapton foil: 1) lift-off process; 2) molding process
; 3) liquid photo-sensitive polyimide; and 4) wet etching process. The four tested approaches
of photolithography are discussed below.

Lift-off micro-technology

Figure 3.1 summarizes the fabrication flow for the lift-off photolithography process. A 25 um
Kapton foil was utilized as the base substrate for the photolithography process. With a thick-
ness of 25um, the base film is flexible enough to be rolled around the slender capillaries
(< 2mm), satisfying the NMR/MRI applications, and simultaneously it can be mechanically
handled through the fabrication process. To facilitate the Kapton foil handling during the
lithography fabrication process, it was cut into the shape of a 100 mm wafer using an infrared
laser cutter (VLS3.50, Universal Laser System). Then, it is laminated to a silicon wafer using
a 2 um ma-N 1420 negative photoresist layer (micro resist technology GmbH) to promote ad-
hesion, spin-coated at 3000 rpm. The wafer with the laminated Kapton film was soft-backed

39



3 Flexible electronics fabrication

at 80 °C for 1 min. Tiny air bubbles were observed between the silicon wafer and Kapton foil.
However, the binding between the foil and substrate was enough to proceed with the sub-
sequent processing steps. After rinsing the top side of the Kapton foil with acetone and DI
water, a 2 um layer of the negative photoresist ma-N 1420 was spin-coated on top of the foil.
The wafer was then soft-baked on a hotplate at 100 °C for 2 min. After cooling down naturally,
the coated negative photoresist was then structured by UV exposure at a dose of 680 mJcm 2.
The photoresist was developed for 2 min using ma-D 533 s developer. The wafer was then
cleaned with DI water and soft-backed at 80 °C for 1 min. 20 nm chromium and 60 nm gold
layers were deposited on the wafer using the physical vapor deposition process (PVD, Uni-
vex 450) at deposition rates of 5 As™! and 8 As™!, respectively. The chromium layer is used
to promote the adhesion between the foil and the gold layer. The patterned area on top of
the sacrificial photoresist was then lifted off with acetone inside an ultrasonic bath for 5 min,
followed by rinsing in IPA and DI water. Then the patterned region on top of the sacrificial

photoresist was lifted off with acetone in an ultrasonic bath, then rinsed with DI water.

The deposited seed-layer (chromium and gold) using PVD results in a thin conductor layer
with a thickness below 100 nm, which is not sufficient for RF applications. RF applications
require a minimum thickness of the conductor; otherwise, the electric power suffers from
high resistance. The required conductor thickness is calculated according to the operating
frequency,i.g., the 'H frequency at 11.7T NMR spectrometer is 500 MHz, thus, the copper
tracks must be at least 6 um thick. Hence, an electroplating process is employed to reach the
required conductor height. However, electroplating results in peeling off most of the conductor
layer from the Kapton foil. The solution for the electroplating problem is reported in Chapter 4.
After electroplating, The film was finally peeled off from the silicon wafer and rinsed from both

sides with acetone and DI water.

The lift-off is considered to be a relatively simple process as no etching is included. No aggres-

sive chemical or plasma treatment is required that could affect the polyimide foil. However,

2 3
Lamination UV patterning Seed-layer PVD (Cr & Au)
4 5
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mm Silicon wafer ~ = Chromium

Lift-off peeling off Kapton foil mm Copper

Figure 3.1: Schematic illustration of the lift-off micro-fabrication process. (1) Lamination of Kapton foil on a
silicon wafer. (2) Patterning of a negative photoresist (ma-N 1420) layer using UV lithography. (3) Photoresist
development and seed-layer deposition (Cr and Au). (4) Lifting off the sacrificial photoresist layer. (5) Peeling
off the Kapton film from the silicon wafer and rinsing with acetone.
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3.1 Conductor seed-layer patterning

the lift-off process suffers from some drawbacks. During the lift-off step, some unwanted parts
of the deposited metal remain on the wafer as the resist below them was not removed. More-
over, some of the removed metal redeposited in random locations on the wafer and cannot be

etched away easily.

The patterned structures on the wafer must all be connected for the electroplating process, as
no common seed-layer connects the structures (i.e., during electroplating, the power source is
connected to one point on the wafer where all structures need to be connected). Electroplating

results in increasing the width of the tracks due to the absence of a mold.
Molding micro-technology

Figure 3.2 summarizes the fabrication flow for the molding photolithography process. A 25 um
Kapton foil was utilized as the base substrate for the photolithography process. The same lam-
ination step is repeated as in the lift-off process to facilitate sample handling. The wafer was
then soft-backed at 80 °C for 1 min. 20 nm chromium and 60 nm gold layers were deposited
on the wafer using PVD. A 25 um layer of the negative photoresist SU-8 3025 (micro resist
technology GmbH) was spin-coated at 4000 rpm for 30's on top of the gold layer to act as the
electroplating mold. The wafer was then soft-baked on a hot plate at 95 °C for 13 min. After
cooling down naturally, the coated negative photoresist was then structured by UV exposure
at a dose of 400mJcm 2. Then post-exposure bake was done at 95 °C for 4 min. The pho-
toresist was developed for 30 min using a PGMEA developer. The wafer was then rinsed by
immersion in isopropyl alcohol (IPA) for 30 min and then left to dry for 2 h at room tempera-
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Figure 3.2: Schematic illustration of the molding micro-fabrication process. (1) Lamination of Kapton foil on a
silicon wafer. (2) Seed-layer deposition (Cr and Au). (3) Patterning of a negative photoresist (SU-8 3025) layer
using UV lithography. (4) Developing the negative photoresist to create molds for electroplating. (5) Electro-
plating process. (6) Stripping the negative photoresist and etching the seed-layer. (7) Peeling off the Kapton film
from the silicon wafer and rinsing with acetone.
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tures. Electroplating process was then conducted to reach the required conductor thickness.
After electroplating, the SU-8 photoresist was stripped using R3T plasma etching. Then Au
and Cr etching was done to remove the unused seed-layer, and the film was finally peeled off

from the silicon wafer and rinsed from both sides with acetone and DI water.

The main advantage of the molding process is the presence of molds for the electroplating
process. Hence, electroplating results in uniform tracks other than the lift-off process, where
plating also occurs on the tracks’ edges and sides. However, on the one hand, a stable pho-
toresist is required to establish the mold to survive the electroplating bath. On the other hand,
stripping this photoresist after electroplating usually requires aggressive plasma treatment,

resulting in burning the polyimide foil.
Photosensitive polyimide

Other than the result of the studied process, a photosensitive liquid polyimide (LTC9310, FU-
JIFILM electronic materials) was used instead of foil polyimide. LTC9300 is a series of negative
photoresist polyimide, where LTC stands for "Low Temperature Cure", it can be cured (from
liquid to foil) by heating at 200 °C other than standard PIs, which are cured with temperatures
> 350°C.

Figure 3.3 summarizes the fabrication flow using liquid photosensitive polyimide. On the top
of a silicon wafer, a 60 nm gold layer was deposited using PVD at deposition a rate of 8 As~!.
The gold layer was deposited in a way to keep the wafer border free from gold to promote
adhesion between the silicon wafer and the polyimide that will be spin-coated in the next
step. No chromium was added between the gold and the silicon wafer to facilitate the final

step of peeling off the polyimide film with the gold layer.

On the top of the gold layer, a 30 um layer of LTC9310 was spin-coated at 1200 rpm for 30s.
After soft-baking at 100 °C for 4 min, LTC9310 was structured by UV exposure at a dose of
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Electroplating Au etching LTC 9310

Figure 3.3: Schematic illustration of the liquid polyimide micro-fabrication process. (1) Seed-layer deposition (Au)
with keeping the wafer border free to promote photosensitive polyimide adhesion. (2) Patterning of a negative
photosensitive polyimide (LTC 9310) layer using UV lithography. (3) Developing the polyimide photoresist and
cure in a vacuum oven. (4) Electroplating process and peeling off the cured polyimide film from the silicon wafer
by cutting the border. (5) Etching the gold seed-layer from the polyimide film’s backside.
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550 mJcm~2. The wafer was then continuously sprayed by QZ3512 (FUJIFILM electronic ma-
terials) for development and sprayed by QZ3501 for rinsing. The wafer was then transferred
to a vacuum oven set to 250 °C for 2 h, to cure the liquid polyimide into a flexible film with a
thickness of around 20 pm. Electroplating process was then conducted to reach the required
conductor thickness. Finally, the polyimide was peeled off by cutting the film around the
wafer border. The polyimide film comes out with the gold layer from the backside, which can

be easily etched away.

Using photosensitive liquid polyimide provides control over the polyimide film’s thickness,
which can be in a few pm range. Moreover, the structures can be embedded within the poly-
imide film, as in the process described here. In Chapter 6, this process was used to realize

multilayer structures where vias were created within the polyimide film.

One of the difficulties facing this process is to predict the exact thickness of the final poly-
imide film since after curing, the thickness of the deposit polyimide reduces. This fabrication
process’s overall yield is not high as curing/electroplating can remove part of the polyimide

from the silicon wafer.
Wet etching micro-technology

Figure 3.4 summarizes the fabrication flow for the wet-etching photolithography process. A
25 um Kapton film covered from a single side with a 9 um copper layer (AkaFlex KCL 2-9/25 HT,
Krempel GmbH) was utilized as the base substrate for the photolithography process. The same
lamination step is repeated as in the lift-off process except for the adhesive layer between the
foil and the silicon wafer where a 3.3 um AZ4533 photoresist layer (Micro-Chemicals GmbH)
was used, spin-coated at 4000 rpm. The wafer was then soft-backed at 95°C for 1 min. No
air bubbles were observed between the Kapton foil and the silicon wafer, unlike the ma-N
1420 photoresist. To promote photoresist adhesion on the copper layer, the film was cleaned

by etching the top layer of the copper surface by dipping the wafer into a sodium persulfate

QO iy
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Cu etching Peeling off Kapton foil

Figure 3.4: Schematic illustration of the wet etching micro-fabrication process. (1) Lamination of Kapton foil
(covered with a copper layer) on a silicon wafer. (2) Patterning of a positive photoresist (AZ 4533) layer using
UV lithography. (3) Developing the positive photoresist. (4) Copper layer wet etching. (5) Peeling off the Kapton
film from the silicon wafer and rinsing with acetone and DI water.
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solution (NayS,0s, 240 gL~ 1) for 15 s. After the etching process, the wafer was rinsed with DI
water and dried with a pressurized nitrogen stream. Directly after the rinsing process, a 3.3 um
layer of the positive photoresist AZ4533 was spin-coated on top of the copper layer to prevent
oxidation. The wafer was then soft-baked on a hotplate at 95 °C for 1 min. After cooling down
naturally, the coated positive photoresist was then structured by UV exposure at a dose of
235 mJcm 2. The photoresist was developed for 3 min using a KOH-based AZ400K developer,
prepared at 1:4 dilution. The wafer was then cleaned with DI water and soft-backed at 115°C
for 2.5 min. The wafer was then immersed in the sodium persulfate solution for etching the
exposed copper layer. The film was finally peeled off from the silicon wafer and rinsed from

both sides with acetone and DI water.

This fabrication process’s overall yield is very high (nearly 100%), owing to the standard pro-
cesses used. Over etching reduces the track width, thus, the sample should be carefully ob-

served during etching.

3.1.2 Inkjet-printing

Employing an additive manufacturing process in flexible electronics fabrication, such as inkjet-
printing of conductive polymers on an unstructured fixable substrate, plays an essential role
in research as well as in industry [51]. The global market size of printed electronics was valued
at $7.8 billion in 2020 and is expected to have a bright future with an annual growth rate of
21.5% to reach a value of $20.7 billion by 2025 [52]. The global demand for low-cost, energy-
efficient, thin, and flexible customize electronics is the main driving power for the printed
electronics market’s growth. Many versatile electronic components have been realized by
printing, ranging from simple components such as resistors, capacitors, and indicators [53]
to more complex devices such as diodes, transistors [54, 55], displays [56], batteries [57], and
microelectromechanical systems (MEMS) [58]. The inkjet-printing method is compatible with

roll to roll process [59,60], which is used to achieve relatively high production rates.

Inkjet-printing of conductive polymer on polyimide substrates (few microns thickness) enables
low-cost, highly flexible, lightweight, and yet complex electronic components. Via inkjet-
printing, the conductive material can be precisely positioned using computer-aided tools with-
out the need for a mask or subsequent etching processes, reducing the processing time and
consumed materials [61-65], making the method both economically and ecologically attrac-
tive. The conductive material can be inkjet-printed as nanoparticles (NP) [66,67] or metallo-
organic decomposition (MOD) [68] inks. Silver nanoparticle inks are commonly used with
the inkjet-printing method, enabling conductive tracks down to ~ 30pum in width. A 25pum
wide silver tracks have been successfully inkjet-printed onto an unstructured polyimide sub-
strate [67].

Following printing, the conductive ink requires to be sintered to get rid of the solvent content,
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which typically demands high temperatures (> 150 °C) for a duration of more than 30 min,
limiting the materials that may be used as a substrate. Alternative low-temperature sintering
techniques have also been considered [65] but have not yet become mainstream. Since the inks
contains a relatively large percentage of solvent that evaporates, inkjet-printed and sintered
conductors have thicknesses in the range of hundreds of nanometers. Hence, electroplating is

an essential step for RF applications.

Throughout the whole thesis, Fujifilm Dimatix DMC-2800 printer was used for printing, loaded
with a 10 pL print head-cartridge (DMC-11610, Fujifilm Dimatix) filled with silver nanoparticle
ink. The used ink was 30-35 wt.% suspension of silver nanoparticles (Sigma-Aldrich®) with
diameters< 50nm dispersed in triethylene glycol monomethyl ether. The silver ink is rated

with a surface tension of 35-40 mNm~! and a viscosity of 10-18 mPas at room temperature.

The print head-cartridge posses 16 printing nozzles with an integrated heater. The control
pulse supplied for all nozzles has the same waveform, but voltage levels can be controlled for
each nozzle individually. The ink should have a viscosity of 10-12mPas and surface tension
of 28-33mNm™! at jetting temperature to achieve optimum printing performance. For high
viscosity inks, the ink printability can be tuned by adjusting viscosity using the integrated

heaters, which can heat the ink at the nozzle outlet up to 70 °C.

The dot spacing is set based on the droplet size, where every two successive droplets should
half overlap to result in a uniform printed lines. Otherwise, if the dot spacing was small will
result in the accumulation of the ink, and in case the dot spacing is wide will result in a wavy
line. Figure 3.5 shows separately printed droplets of the silver ink. The average droplet di-
ameter was measured to be 50 um, therefore, the dot spacing was set to 25 pm, resulting in
printable minimum line width of ~ 60pum. The droplet size can be controlled by optimizing

the jetting waveform supplied to the printing nozzles. The printing nozzle contains a piezo-

Figure 3.5: Printed droplets of silver ink. The droplet diameter was measured to be 51 pm, therefore, the dot
spacing was set to 25 um.
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Figure 3.6: Inkjet-printing typical jetting waveform. The jetting waveform divided mainly into four consecutive
phases: (1) Bending of the PZT element outward to draw ink; (2) Bending the PZT element inward to eject the
ink; (3) Reducing the PZT element bending to release the droplet; (4) Resetting to the initial position to prepare
for pulling the ink for the next droplet.

electric element (PZT) whose deflection is controlled by the jetting waveform, which in turn
controls the droplet formation. Figure 3.6 demonstrates the typical jetting waveform supplied
to a printing nozzle with illustrating a PZT element in operation. The jetting waveform is
divided mainly into four consecutive segments (draw, eject, release, reset). The used time
and voltage parameters for silver ink printing were 71 = 3.264 ps, 7> = 3.84ps, T3 = 3.392 s,
T, =0.832yus, Lj = 0%, Ly = 100%, L3 = 60%, and L4 = 27%.

Figure 3.7a summarizes the inkjet-printing process, demonstrating a printed saddle coil in
Fig. 3.7b. During printing, the substrate plate and the printing head were maintained at room

temperature. Before printing, the Kapton film was rinsed with acetone and DI water. After

a) Jet pulse

PZT [

Head motion

Nozzle

1 d 2
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Inkjet-printing Sintering by heating
3
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M Silver
Electroplating m Copper

Figure 3.7: Inkjet-printing fabrication process flow and result. (a) Schematic illustration of the inkjet-printing
process: (1) Silver ink printing; (2) Sintering the silver ink by heating; (3) Electroplating by a layer of copper to
increase the printed track thickness. (b) Saddle coil fabricated using inkjet-printing. The coil is shown after (1)
Printing and (2) Electroplating. The SEM images of the printed silver and electroplated copper are demonstrated.
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3.2 Metal-insulator-metal (MIM) flexible capacitor

printing, the film with the printed tracks was transferred to a hot plate for drying at 80 °C for
15 min, followed by sintering in an oven at 150°C for 1 h. Subsequently, electroplating was
carried out.

3.1.3 Micro-fabrication processes comparison

According to the extensive study of the previously mentioned different fabrication process:

The lift-off process was not further utilized due to metals redeposition and removal of

some parts of the structure during the lift-off step.

« The molding process was also not considered further due to the polyimide film’s burn-

ing during the photoresist stripping step.

« The photosensitive polyimide process and the inkjet-printing process were selected
for fabricating the MRI micro-systems, as explained in Chapter 6. The photosensitive
polyimide process was chosen as it gives the possibility to achieve multilayer flexi-
ble electronic devices. The inkjet-printing method was selected since complex devices

could be achieved with saving time, material, and effort.

« The wet etching process was selected for fabricating flow sensors and NMR micro-
systems, as explained in Chapter 9. The wet etching process was chosen as the required
devices have simple single-layered patterns, also it’s compatible with mass production

on the wafer scale.

Table 3.1 summarizes the main advantages and disadvantages of each of the studied micro-
fabrication processes. The comparison focuses on the observed adhesion strength between
the deposited seed-layer and the polyimide film before electroplating, as it was one of the

main selecting criteria for the fabrication process.

3.2 Metal-insulator-metal (MIM) flexible capacitor

3.2.1 Introduction

Capacitors are one of the most essential and extensively used electronic passive components
in modern electronics, with an estimated global market size of $18.8 Billion in 2020 and ex-
pected to reach $23.5 Billion by 2027 [69]. Thin-film flexible capacitors are a fundamental
unit in various applications such as wearable devices, bendable devices, rollable displays, and

interventional medicine [70-73].

Thin-film capacitors could be realized using inkjet-printing as printing has been used for de-

positing conductive as well as semi-conductive and insulating films [74,75]. However, printing

47



3 Flexible electronics fabrication

Table 3.1: Micro-fabrication processes comparison

Fabrication Adhesion| Advantage Disadvantage
Method
Lift-off process Weak Relatively simple process | Unwanted parts of the

as no etching is included;
no aggressive chemical or
plasma treatment.

seed-layer remain on the
wafer, and some of the re-
moved metal redeposited
on the wafer. The elec-
troplating process results
in increasing the tracks’
width.

Molding process | Moderate | Electroplating process re- | Stripping the electroplat-
sults in uniform tracks due | ing compatible photoresist
to the presence of molds. | using plasma etching re-

sults in the burning of the
polyimide substrate.

Liquid polyimide | Moderate | Control the polyimide | The exact thickness of the
film thickness. = Embed | final polyimide film after
the structures within the | curing is variable (&3 um).
polyimide film.  Create | This fabrication process’s
features within the base | overall yield is low.
polyimide substrate such
as vias.

Wet etching pro- | Strong Overall yield is very high | Require special etching fa-

cess (nearly 100%).  Require | cilities. Over etching re-
particular polyimide sub- | duce the tracks’ width.
strate, pre-covered with
the conductive layer.

Inkjet-printing Weak Rapid prototyping, low- | Not compatible with mass

cost, energy-efficient, | production. The resolu-
multi-layer, complex | tion of deposited tracks’
structures, and simple | width is less than that for
process the photolithography pro-

cesses.

the insulating layer of metal-insulator-metal (MIM) capacitors still cannot satisfy the need for
high quality and high density capacitors due to the absence of printable materials with high
relative permittivity (€;). Increasing the density of the printed capacitors is essential to reduce

chip sizes and costs.

The typical capacitance formula of a parallel plate capacitor can be expressed as,

C— £0£,A7

; (3.1)

& is the vacuum permittivity, €. is the insulating layer permittivity (dielectric constant), A

is the overlapped surface area between the two metal plates, and d is the gap between the
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3.2 Metal-insulator-metal (MIM) flexible capacitor

two metal plates (insulator thickness). Achieving high capacitance density by decreasing the
insulator thickness leads to increased current leakage and low RF loss tangent [76-78]. The ap-
parent solution for realizing high capacitance density with high performance is by integrating
a high permittivity insulating layer [79-81]. Hence, developing a printable high permittivity

ink is a must.

Polymer-based inks were commonly used for inkjet-printing the insulating layer such as PI [82],
poly(4-vinylphenol) (PVP) [83], poly(methyl methacrylate) (PMMA) [84], and SU-8 [85]. None-
theless, all of which offer very low dielectric constants in the range of 2 to 4.3. Increasing a
polymer’s dielectric constant is commonly done by adding ceramic fillers with high permit-
tivity to the polymer [86]. This technique is widely used in different applications but recently
started getting attention in the inkjet-printing field. Lim et al. printed a BaTiOs-resin with
an &; of 70 at 1 MHz [87]. However, an infiltration printing technique was followed, resulted
in a thick insulator layer of 20 um. Kang et al. dispersed BaTiO3; in PVP, but because of the
low ceramic content used (20 wt.%), PVP &, was just doubled from 3.6 to 7.4 [83]. Vesico et al.
used HfO; based ink, showing an &, of 12.6 at 1 MHz [88]. Mikolajek et al. dispersed barium
strontium titanate (BST) in PMMA enhancing €, to 55 at 1 kHz [89].

In the following section, two ceramic/polymer composite inks were prepared for inkjet-printing
high permittivity and high quality MIM insulating layer. The inks preparation and capacitor
printing are described, and the MIM printed capacitors’ characteristics are measured and dis-

cussed.

3.2.2 Material and method

Benzocyclobutene (BCB) polymers (CYCLOTENE 3022-35, Dow Chemical) is used as the inks’
base polymer for its significant advantages as perfect adhesion to substrates, high planariza-
tion, thermal and chemical stability, and being pinhole-free [90]. More importantly, BCB has
a low dissipation factor of 0.0008 [91] compared to that of SU-8 (0.015) and polyimide (0.025).
BCB is commonly used in high-frequency multi-chip modules [90] and chips packaging.

TiO; and BaTiO; were chosen as examples of Class I and Class II ceramic dielectric fillers,
respectively, for their high chemical stability and dielectric constants. Class II ceramics have
relatively high dielectrics (1,000 to >20,000) compare to Class I ceramics (5 to a few hun-
dred), but Class I ceramics have a lower dissipation factor (<<0.01) than Class II (0.01 to
0.03) [92]. Commercially available BaTiOs (50 nm cubic powder, Sigma-Aldrich) and TiO,
(Anatase, 25 nm powder, Sigma-Aldrich) NPs were used to prepare the dielectric inks. The

smallest available NPs were used to get smooth surfaces.

Each of the ceramic NPs (TiO; and BaTiO3) were dispersed into the BCB polymer with two
different concentrations (20wt.% and 40wt.%). Each ink was stirred at room temperature using
a thermal shaker (Thermo shaker LLG-uniTHERMIX 1 pro) for 3 h at 1500 rpm. The viscosities
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of the inks were adjusted to 11 mPas using Mesitylene (98%, Sigma-Aldrich) solvent to meet
the inkjet-printing required viscosity (10-12mPas). The viscosities were evaluated at room
temperature using a rheometer (Thermo Scientific HAAKE RheoStress 300) with a cone plate
probe of 30 mm diameter. Figure 3.8 presents the measured viscosities of the prepared inks
before adding the solvent. The viscosities (1) were measured as a function of shear rate ('y).
TiO, composites show higher viscosities than that of BaTiOs, especially at high concentra-
tions. Figure 3.8 shows photographs of the prepared inks after adding Mesitylene solvent to
adjusts the viscosity. The inks were filtered before filling the inkjet printer’s head-cartridge
using a 0.45 um pore size syringe filter. It was observed that the TiO, powder diffuse better
than the BaTiOs; powder in the BCB polymer, where less amount of TiO; remained in the
filters than BaTiOs.

Printing was done directly onto a 25 um Kapton film. Piezoelectric cartridges of a 10 pL droplet
volume and a total capacity of 1.5 mL were used. The BCB inkjet-printed droplet diameter was
measured to be ~ 105 um (see Appendix A for a photo of printed droplets and lines of BCB),
therefore, the dot spacing was set to 50 um, and the same jetting waveform for the silver ink
was used. Figure 3.9a summarizes the fabrication process flow and illustrates the dimensions
of the printed MIM capacitor. Firstly, the bottom layer was printed using Ag ink with . Then
the sample was dried on a hot plate at 90 °C for 15 min before printing the insulator to prevent
layers dissolution. Before printing any of the dielectric inks, they were shaken for 30 min
using a vibration shaker (Vortex-5 Shaker) to avoid sedimentation. The dielectric ink was
then printed on the bottom layer and soft-backed using a hot plate at 90°C for 15 min. The
top conductive layer was then printed onto the top of the insulating layer and dried on a hot
plate at 90°C for 15 min. Three printed layers were required for the top layer to achieve a
hole-free sheet. Finally, the device was hard-backed inside a vacuum oven at 200 °C for 1 h to

remove any solvent content.

704 ——40wWt% TiO, ——40wt% BaTiO; ——Mesitylene
60 30wt% Ti0, ——30wt% BaTiO; ——BCB
£ 50_¥— 20wt% TiO, 20wt% BaTiO3
E“O' — 40wWt% TiO 40wWt% BaTiO3 BCB
— _____/' g
£30
z
@ 20
Q
k]
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0
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Figure 3.8: Measured viscosities of the prepared dielectric inks. The graph [left] presents the measured viscosities
of the prepared inks before adding the solvent, as well as the viscosities of pure BCB (16.5 mPas) and Mesitylene
solvent (0.7 mPas). The photographs [right] are of the prepared inks after adding Mesitylene solvent to adjusts
the viscosity. TiO, powder was observed to diffuse better than BaTiO3 powder in the BCB polymer.
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Figure 3.9: Inkjet-printing process of a metal-insulator-metal (MIM) capacitor. (a) Schematic illustration of the
inkjet-printing process: (1) Bottom layer printing using silver ink; (2) Sintering of the silver ink by heating; (3)
Insulating layer printing and sintering by heating; (4) Top layer printing using silver ink; (5) Curing of the device
in a vacuum oven. (b) 2D schematic of the printed MIM capacitor. The printed parallel plate capacitor has an
area of 4 mm?.

The thickness, smoothness, and micro-structures of the printed layers were investigated us-
ing a chromatic white light interferometer (Bruker ContourGT-K 3D Optical Microscope) and
a scanning electron microscope (Carl Zeiss AG—SUPRA 60VP SEM). The insulating layers’
dielectric properties and the RF performance of the MIM capacitors were characterized us-
ing a network analyzer (E5071C, Keysight) connected to a probe station (MPS150, FormFactor
Thiendorf, Germany) employing a Z-probe (Z0-20-K3N-GS-50, FormFactor Thiendorf, Ger-

many). Measurements were done in ambient laboratory conditions.

3.2.3 Results and discussion

The roughness of the deposited insulating layer plays an essential role in defining the perfor-
mance of the printed MIM capacitors; as the roughness of the deposited layer increases, the
quality and the reproducibility of the capacitor decrease. Figure 3.10 presents SEM images and
WLI measurements (2D and 3D) of the printed bottom silver and pure BCB insulating layers.
The printed silver layer had a thickness and roughness of 470 nm and 73 nm, respectively.
Printing one layer of the dielectric ink was not sufficient to prevent pinholes in the insulating
film resulting in capacitors with a short circuit. Hence, at least three printed layers were re-
quired to avoid pinholes in the insulating film, resulting in a pure BCB layer with a thickness
of 1.56 um. The printed BCB layer was observed to be smooth with measured roughness of
69 nm. Dispersing ceramic fillers in the BCB polymer increases the deposited layer roughness,
which reduces the quality factor of the printed capacitor. The minimum achievable thickness
of the insulating layer is proportional to the percentage of the ceramic fillers’ contents. The

printed insulating layers using TiO, composite inks have rough surfaces (900-1250 nm) and a

51



3 Flexible electronics fabrication

SR 25um.|
wesaroaiibasEN R )

I-0.25

Figure 3.10: Surface morphology of inkjet-printed pure BCB insulating film and conductive silver layer. (a) and
(c) Scanning electron microscope (SEM) images of the printed BCB and bottom silver BCB layers, respectively,
with a magnification of x20K. (b) and (d) White light interferometry (WLI) measurements with a focusing area
of 131 pm x 174 um. The roughnesses of the printed BCB and silver layer were 69 nm and 73 nm, respectively.

minimum film thickness in the range of 1.9-2.9 um. On the other hand, the achieved insulating
layers using BaTiO3 composite inks have roughness in the range of 800-1000 nm and a thick
film with thicknesses in the range of 4.5-5 pm. Table 3.2 summarizes the roughness, minimum
thickness, and loss tangent (tan 0 = 1/Q-factor); see Appendix A for the SEM image and WLI

measurement of the insulating film resulted from printing each of the composite inks.

The effect of printing multi-layers of the insulating BCB ink on the capacitance, self-resonance
frequency (SRF), and quality factor of the capacitors was studied. The measured impedance
(Z = Rc+ jXc) was used to calculate the capacitance (C = 1/271fX¢) and the quality factor
(Q = —Xc¢/Rc) of the capacitors over a frequency range of 100 kHz to 2.2 GHz. Figures 3.11
and 3.12 show the measured capacitance and quality factor of MIM capacitors with different
numbers of printed insulating layers. Besides inkjet-printing, two capacitors were prepared
by drop-casting (DC) of BCB inks, one with modified viscosity of 11 mPas and the other with
the viscosity provided by the supplier of 16 mPas. Increasing the number of printed insulating
layers results in: i) reducing the capacitance as it is inversely proportional to the distance be-
tween the capacitor’s two conductive plates, as explained in Equation 3.1; 2) increasing of the
capacitor’s SRF as it is inversely proportional to the capacitance (f = 1/v/LC); and iii) enhanc-
ing the capacitor’s quality factor, as increasing the gap between the parallel plates avoid any
current leakages or pinholes. The effect of adding the ceramic fillers (BaTiO; and TiO;) with
different concentrations on the relative permittivity and quality factor was investigated. The
relative permittivity was calculated by substituting Equation 3.1 with the measured capaci-
tance, measured insulating film thickness using WLI, and the capacitor dimensions. The di-

mensions of the capacitors’ bottom and upper conductive layers are 2.2x2.2 mm and 2 x2 mm,
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3.2 Metal-insulator-metal (MIM) flexible capacitor

Table 3.2: The measured parameters of the dielectric layers printed using developed composite inks - comparison
with state of the art.

Ink Roughness | Thickness | Dielectric tan 0§ | Cap.
(nm) (um) () @1 MHz | (1/Q) density?
@1 MHz | (pFmm~2)

BCB (3layers) 69 1.56 2.3 0.034 13.04

% | BCB (20layers) 72 8.1 2.3 0.01 2.51

g 20wt% TiO, 972 1.9 7 0.04 32.6

2| 40wt% TiO, 1217 2.8 20 0.037 63.2

ﬁ 20wt% BaTiOs 832 4.6 10 0.045 19.2
40wt% BaTiO3 994 4.9 37 0.052 66.8

© | BaTiOs/resin [87] | - 20 70 0.011 30.9

£ BaTiOs/PVP[83] | - 1.06 7.4b - 61.7

§ HfO, [88] - 0.4 12.6 0.0125 278.7

5| BST/PMMA [89] | - - 40° 0.06 ¢ -

¢ Calculated using insulating layer’s thickness and dielectric coefficient
b The Measuring frequency isn’t mentioned
¢ @0.1MHz

respectively, resulting in a capacitor area of 4 mm?.

In the case of composite inks with 40wt.% concentration of BaTiO3 and TiO,, the relative per-
mittivity of the BCB was enhanced from 2.3 to 37 and 20, respectively. The addition of the
ceramic fillers leads to a decrease in the capacitor’s quality factor since they increase the sur-
face roughness; moreover, ceramic powders have higher dissipation factors than that of the
BCB polymer. Dispersing of BaTiOs powder in the BCB polymers leads to less quality than
adding TiO,; however, BaTiO; leads to better enhancement in the relative permittivity. These

results agree with the fact that TiOs belongs to Class I of the ceramic dielectrics, and BaTiO,
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Figure 3.11: Effect of multi-layers printing and drop-casting (DC) of the insulating layer on the capacitance of a
4 mm? MIM capacitor. The capacitor’s SRF increases as the gap between the two parallel plated increases since
SRF is inversely proportional to the capacitance (f = 1/v/LC). the Focused view [Left] show the capacitance at
relatively low frequencies (100 kHz-80 MHz).
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Figure 3.12: Effect of multi-layers printing and drop-casting (DC) of the insulating layer on the g-factor of a
4 mm? MIM capacitor. The quality factor increases at low frequencies as the gap between the capacitor’s parallel
plates increases. However, at wide gaps, the quality factor drops dramatically as the frequency increases.

belongs to class I [92]. Table 3.2 summarizes the measured parameters of the developed com-

posite inks and composite inks from literature for comparison.

3.3 Metal-semiconductor (MS) flexible diode

3.3.1 Introduction

Organic electronics in general and organic diodes, in particular, have attracted significant con-
sideration for next-generation electronics due to their uncountable advantages as flexibility,
scalability, light-weight, and applicability in numerous fields [93]. Organic diodes have been
intensively investigated over the past decades, driven by commercial demands and improve-
ment potential. Organic electronic components show their promising potential to be fabri-
cated using rapid and cost-effective techniques that push toward an era of disposable elec-
tronics [94, 95].

Diodes are the primary building block in near field communication and wireless power trans-
mission applications; they are employed as rectifying switches where high switching speeds
between forward and reverse bias are required [96]. Schottky diodes are considered one of
the simplest electronic components in the semiconductor industry; it consists of two parallel
electrodes of different metals separated by a single layer of a p-type or n-type semiconductor,
as shown in Fig. 3.13a. One of the metal/semiconductor (MS) interfaces presents low resis-
tance current conduction, creating an ohmic contact. In contrast, the other MS interface is
responsible for rectification by allowing charge injection in one bias direction and prevents it
in the other direction creating a Schottky barrier (¢g). In the case of a p-type semiconductor,
the rectifying properties originate by bringing it in contact with a metal having a working
function (WF) lower than the semiconductor’s Fermi level (EF). The MS junction forces the

two energy levels (metal’s WF and semiconductor’s EF) to align, leading to band bending and
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creating the Schottky barrier, as shown in Fig. 3.13c and d. The MS barrier height in Schottky
diodes is lower than that of junction barriers in p—n junction diodes, resulting in a lower volt-
age droplet in the forward bias while allowing a higher forward current density. Moreover,
the absence of a charge carrier depletion region in Schottky diodes eliminates the required
reverse recovery time for switching the diode state from forward bias to reverse bias, leading

to a higher switching frequency.

Schottky diodes based on vertical structures are the most compatible diode design with inkjet-
printing [97]; vertical structures tend to reduce the lateral resolution requirement. Printed sil-
ver electrodes are always expected to create ohmic contact with a typical p-type organic semi-
conductor as silver features high WF (¢ys ~ —5.2eV). However, printing a metal electrode
with low WF to generate the Schottky barrier with organic semiconductors is still challeng-
ing. A low WF metal such as copper or aluminum is required for the Schottky diode’s cathode

electrode. Aluminum suffers from a high degree of oxidation, which leads to a forward voltage
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Rectifying junction
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Figure 3.13: Schematic illustration of the working principle of the metal-semiconductor diode (Schottky diode).
(a) Construction and symbol of the Schottky diode. The MS diode is constructed from a low WF metal, high
WF metal, and p-type or n-type semiconductor. Based on the type of the semiconductor, one of the junctions
creates ohmic contact (allow charge flow in both directions), and the other junction creates Schottky contact
(has the rectification behavior. (b) VI-Characteristics of the Schottky diode. (c) [Right] coss-section view of the
printed MS diode’s structure. [Left] Energy band diagram showing the relative WF for copper (Cu), PTAA (p-type
semiconductor), and silver (Ag) [Left]. (d) Energy band diagram of a Cu-PTAA-Ag diode under no, forward, and
reverse biases. The arrows illustrate the holes’ movement.
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offset. On the other hand, copper does not suffer from the same degree of oxidation as alu-
minum. Still, the available copper-based inks need aggressive post-treatments, making them

incompatible with polymeric substrates and organic semiconductors [98,99].

The following section demonstrates the fabrication of an inkjet-printed Schottky diode on an

unstructured flexible polyimide substrate.

3.3.2 Method and results

The Schottky diode was printed directly onto an unstructured 25 pm Kapton film. Silver
NPs ink was used for printing the conductive electrodes. The low WF copper electrode was
achieved by electroplating the printed silver electrode. The roughness of the plated copper
layer can be controlled by employing pulse electroplating, as going to be discussed in Chap-
ter 4.

Poly(triaryl amin) semiconductor (PTAA, Sigma-Aldrich®) was chosen as a p-type organic
semiconducting with hole mobilities of 1073 up to 1072 cm? V~!s~!, resulting in high carrier
mobility. PTAA was chosen for its excellent ambient air stability, not restricted to be used in an
inert atmosphere like most other semiconductors. The PTAA’s highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels lie at —5.0 ~ —5.1eV
and —1.8 ~ —2.0eV, respectively. Hence, PTAA is expected to create ohmic contact with
printed silver (¢y ~ —5.2¢eV) and Schottky contact with copper (§y ~ —4.7¢V). A homoge-
neous solution of the PTAA was prepared by dispersing 2.0wt% of the polymer in toluene at
room temperature. As the percentage of the PTAA to the solvent increases the operating fre-
quency increases, due to the higher carrier mobility concentration. However, increasing the
PTAA concentration leads to a cracked deposited layer. Hence, 2wt.% was found to achieve
a hole-free layer (check Appendix A for spin-coated PTAA layers with 2.0wt.% and 5.0wt.%

concentrations).

Figure 3.14 summarizes the Schottky diode fabrication process flow. At first, the bottom layer
was inkjet-printed directly on the Kapton film using silver ink. Then the sample was sintered
using an oven at 150°C for 1 h. The bottom silver layer was then electroplated with a 3 pm
copper layer. Uni-polar pulse plating was implemented using a home-built power source (Sec-
tion 4.3) to enhance the surface roughness. The plating waveforms are explained in detail in
Chapter 4. On top of the copper electrode, a single layer of PTAA was spin-coated at 1000 rpm
for 1 min and dried on a hot plate at 100 °C for Smin. The top silver electrode was printed
on the PTAA layer and dried on a hot plate at 90 °C for 15min. For the top silver layer, at
least three printed layers were required to achieve a hole-free sheet. Finally, the whole device
was hard-backed in an vacuum oven 200°C for 1h to remove any solvent content. Vacuum
ovens are generally recommended for hard-backing to prevent oxidation and help with gases

extraction. Figure 3.15a shows a microscopic photo of the fabricated MS diode. The SEM im-
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Figure 3.14: Inkjet-printing process of a metal-semiconductor (MS) diode. (a) Schematic illustration of the inkjet-
printing process: (1) Bottom layer printing using silver ink; (2) Sintering of the silver ink by heating; (3) Electro-
plating of the bottom layer with copper; (4) Semiconductor layer spin-coating and sintering by heating; (5) Top
layer printing using silver ink; (6) Curing of the device in a vacuum oven. (b) 2D schematic of the printed MS
diode. The printed diode has an area of 4 mm?.

ages and WLI measurements of the spin-coated PTAA semiconductor layers and the bottom
copper layer are shown in Fig. 3.15b and c. The spin-coated PTAA layer had a thickness and

roughness of 410 nm and 52 nm, respectively.

Electroplated Multilayers
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Figure 3.15: Fabricated MS diode using inkjet-printing. (a) Microscopic image of the fabricated MS diode. (b) SEM
image and WLI measurement of the PTAA layer. The thickness and roughness of the PTAA layer were 410 nm
and 52nm. (c) SEM image and WLI measurement of the bottom copper layer. The thickness and roughness of
the copper layer were 10 pum and 72 nm.
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4 Electroplating

lectroplating is a common technology in the area of micro-fabrication. Deposited seed-

layers typically have thicknesses within the range of tens to hundreds of nanometers.
Consequently, it results in high resistivity for applications that demand high electrical con-
ductivity in DC to RF ranges. The high resistance generates Joule heat losses and affects the
transferred electrical signal by introducing thermal noises. The high resistance of slender con-
ducting tracks arises from the distribution of an AC signal throughout the conductor, where
the current density is highest at the conductor’s surface and drops exponentially with depth;
this phenomenon is referred to as the skin effect. The current flows through the conduc-
tor’s skin, which lies between the conductor’s outside surface and a level known as the skin
depth. The requisite minimum skin depth (8) of the conductive tracks can be calculated using:
0= \/[)/Tf , where f is the electrical signal’s frequency, and y and p are the permeability

and resistivity of the conductive layer’s material.

Electroplating has consistently shown its ability to coat different substrates with various ma-
terials efficiently. Pure metals, metal composites, alloys, conductive polymers, semiconduc-
tors, and oxides can be deposited via electroplating [100]. Due to the diverse applications of
electroplating and its impact on the field of material science, it has been under investigation
for the last centuries. Electroplating has been involved in multiple areas starting from the
conventional ones as erosion, corrosion, and wear resistance [101], up to highly advanced ap-
plications such as micro and nano fabrication [61], integrated circuits [102], and thick-walled
electroformed products (above millimeter) [100]. Electroplating is widely used in industry as
well as in research due to its multiple benefits. Besides being low cost, rapid, and able to coat
different substrates as well as controlled alloy composition, it results in pure free from pores
structures with the range of mm down to nm [103,104]. Manipulating the parameters involved
in the electroplating process can control the deposited film features. Operating parameters
such as applied current density, electrolyte bath temperature and composition, pH value, and
additives provide control over the deposited film crystallite size, texture, and embedded film
stresses [100].

This chapter focuses on controlling the deposited film features by controlling the waveform
of the applied current density. Through the chapter, we also show the significant advantages
of controlling the deposited film’s micro-structures on the adhesion of inkjet-printed tracks

onto an unstructured flexible substrate.

Generating current pulses for pulsed electroplating, especially with complex waveforms, typ-
ically requires complicated and expensive equipment compared to the conventional DC tools

[105-107]. Hence, applications with more complex pulsed electroplating still face some diffi-

This chapter’s text and figures were reproduced and adapted from the author’s published work [ON1] with
permission of the American Institute of Physics (AIP) Publishing (CC BY 4.0, 2019)
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culties and are seldom found in practice. In this chapter, we present an electroplating power
source with high functional capability 4.3. The developed current source can be used for stan-
dard DC as well as complex pulsed electroplating. It can also be employed for galvanostatic
and potentiostatic electroplating processes. The current source has been used for different

complex applications, as demonstrated in the applications Sections 4.4 and 4.5.

The fundamentals of the electroplating process presented in this chapter are mainly derived

from the following two textbooks:

+ Modern Electroplating by Mordechay Schlesinger and Milan Paunovic [100]

« Electroplating: basic principles, processes and practice by Nasser Kanani [108]

4.1 Electroplating working principle

By dipping a metal in an aqueous solution containing ions of that metal, ions exchange hap-
pens between the metal and solution. Some ions move from the crystal lattice structure of the
metal electrode to the solution, and in return, some ions move from the solution to the metal’s
crystal lattice structure. Since the two ways of exchange happen at different rates, this leads to
a potential difference. This potential interface difference for metal can be calculated according

to the Nernst equation:

RT .
E :E0+Z—Flna(M‘+), (4.1)

EO is the relative standard electrode potential of the metal, R is the gas constant, T is the
absolute temperature, z is the number of electrons in the reaction, F' is Faraday constant, and
a(M™") is the activity of the ion.

The relative standard electrode potential of metal can be measured by immersing the metal
in a solution of its ions and connecting a reference electrode creating an electrochemical cell.
Standard hydrogen electrode (SHE) is commonly used as the reference electrode since it has
zero potential. The relative standard potential for electrodes of different materials is reported
in the literature [109].

Electroplating a target conductive substrate with a particular ion can be achieved by immers-
ing the substrate in a solution containing the ions of the desired metal and the plating metal
electrode. A power source is used to force the ions to deposit from the plating electrode to the
target substrate. The target substrate is connected to the cathode, and the plating electrode is
connected to the anode, as shown in Fig. 4.1. Electrodeposition can be done in two manners,
galvanostatic or potentiostatic. In the potentiostatic, the applied voltage is set to a constant
level, leading to a current changing with time. In contrast, in the galvanostatic, the electric
current is the controlled parameter leading to a continuous rate of deposition [106]. One of

the common simple electroplating processes is copper electroplating, where at the anode cop-
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Figure 4.1: Schematic diagram of copper electroplating setup.

per is dissolved in copper sulfate (CuSOy) electrolyte and at the cathode copper is deposited

according to chemical formula [110]:

At anode Cuggissolved) — Cu?* +2e”
At cathode Cu®* + 2™ —— Cudeposited)

According to Faraday’s law, the amount of electrochemical reactions within an electrochem-
ical cell is proportional to the quantity of electric charge Q through the substance. For the

accumulated weight w at the electrode in electrolysis, Faraday’s law states the relationship:

M .
w=Z-Q, with Z:—F ,and Q:/idt. (4.2)
Z

1

Z is the constant of proportionality and is known as the electrochemical equivalent, M is the
molar mass of the substance, z; is the valency of the ion, and F is the Faraday constant. The
deposition rate can be within a wide range of 0.1-10 um/ min. The deposit mass and thickness
are calculated through Faraday’s equations:

altM
mass = R (4.3)
nF

o is the deposition efficiency, / the applied current, ¢ the electroplating time, M Molar mass,

n the charge state, and F Faraday’s constant.
Mt
T hickness = —asfi, (4.4)
Fnp

i is the applied current density, M, atomic weight, p metal density, n number of electron
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transfer in electroplating reaction, &¢ Faraday efficiency.

Three forms of current distributions impact metal deposition during the electroplating pro-
cess: primary, secondary, and tertiary. The primary current distribution is influenced by the
electroplating system’s geometric aspects, especially the plated structures. Higher current
densities are built at edges, resulting in more deposited metal around these areas leading to
the well-known phenomena (dog boning). The secondary current distribution is the electron
transfer associated with metal dissolving from the anode or depositing on the cathode. The
tertiary current distribution is the ion’s transportation within the electrolyte between the elec-
trodes [106].

The deposition of metal can be modeled as a capacitor parallel to resistance, as shown in
Fig. 4.2a. The capacitor represents the layer between the electroplated electrode (cathode) and
the electrolyte, known as the electric double layer (EDL). The resistance represents the elec-
trochemical reaction. When the power source is connected to the electrodes, the capacitive
current I¢ is used for charging the EDL. After the EDL is charged, the faradic current Iy de-
posits the metal. The deposition doesn’t occur until the EDL is charged. Turning off the power
leads to the discharge of the EDL. The time is taken by Ir to reach 99% of the applied current
(Ip) is the charging time (T¢). While the time taken by Ir to reach 1% of Ip is the discharging
time (7y) [111]. As a rule of thumb, the charging of the EDL is seven times faster than the
discharging and can be roughly calculated by [112]

Tc:—7Td:7. (4.5)
Ip Ip
a) .
Capacitor = Derggig‘ed
ap: = ‘
Electric double layer ’ ‘
;e e
4 ° ; o‘: [ ‘::
J i) o
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Figure 4.2: Equivalent electrical circuit and ion transportation of the electroplating process. (a) Schematic di-
agram of the electrode’s equivalent electrical circuit [106, 113]. (b) Schematic diagram illustrating the differ-
ent layers formed by the mass transportation of the ions from the anode toward the cathode within the elec-
trolyte [114,115].
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4.2 Pulsed electroplating

Pulsed electroplating has drawn significant attention in research as well as in industrial fabri-
cations. One of the first significant applications of pulsed electroplating was depositing gold
toward switching crossover electronic circuits performed by Western Electric in the 1970s [116].
A reduction in the electroplating time by a factor of 2 was achieved when implementing pulsed
electroplating compared to the conventional direct current electroplating. The timing param-
eter of pulsed electroplating of this application (on/off time is 0.1/0.9s) is still used till today
for soft gold deposition. Pulsed electroplating has been considered in other fields as well, e.g.,
in the field of optics, highly anti-reflective surfaces were achieved via the implementation of

bipolar pulsed electroplating [117].

Modifying the current distribution with the electroplating bath results in controlling the de-
posited film’s internal structure as well as its physical and mechanical properties. The current
distributions within the electroplating bath can be modified either by adding chemical addi-
tives or employing pulsed electroplating [100]. However, it’s preferable to limit the usage of
the chemical additives for a more reliable electroplating process [118]. On the other hand,
pulsed electroplating always shows its ability to control the deposited film properties without
involving chemical additives. Furthermore, implementing reverse pulsed electroplating can

replace the additives and eliminate the drawbacks resulting from using them [100].

Via pulsed electroplating, several features of the deposited material can be controlled, such
as: the atomic micro-scale structure [118], the grain size [ON1], the mechanical and phys-
ical properties of the deposited film [119], the surface roughness [ON1], and the hydrogen
content [120].

Pulsed electroplating can be used to modify the diffusion layer, as shown in Fig. 4.3. In direct
electroplating, a single diffusion layer is created. In contrast, pulsed electroplating leads to
two diffusion layers, increasing uniformity in mass transportation, leading to a more uniform
metal deposition and a better filling of holes and vias. The concentration of ions is constant
with respect to the distance from the electrodes beyond the diffusion regions (bulk concentra-
tion) [106].

A passive negatively charged layer is built around the cathode during the DC electroplating.
The formed layer hinders the ions from transferring uniformly toward the cathode. pulsed
electroplating leads to a uniform transfer of the ions by discharging this built layer during
the switch-off time. Moreover, applying the opposite polarity (reversed pulsed electroplating)
reduces the discharging time [100, 105].

As discussed in the previous Section 4.1, the current density is not uniformly distributed within
the electroplating bath, which leads to higher consumption of the ions in the spaces with high
current density than that with lower current density resulting in a non-uniform deposition.

Pulsating the applied current during the electroplating process allows the ions to transfer

63



4 Electroplating

DC Electroplating b) Pulsed Electroplating
<—  Nernst diffusion layer ~—  Convection <—  Nernst diffusion layer ~—  Convection

1
Pulsating Stationary.
[ diffusion " diffusion

Concentration of metalions
Concentration of metalions

1
Distance from cathode Distance from cathode

Figure 4.3: Diffusion layer within the electrolyte in case of direct and pulsed electroplating [106,121]. (a) A single
diffusion layer is formed in the case of direct electroplating. (b) The diffusion layer is divided into two layers by
the pulsed electroplating, which results in a more uniform mass transportation and thus a more uniform metal
deposition.

from high concentration to low concentration spaces leads to a uniform distribution of the
ions within the bath hence a uniform deposited film.

4.2.1 Waveforms for pulsed electroplating

In pulsed electroplating, the applied current density is always alternating between different
set-points, as shown in Fig. 4.4b and c. Other than the direct current electroplating, where the
applied current density is set to a fixed value through the whole process as shown in Fig. 4.4a.
The material’s deposition rate and thickness in pulsed electroplating are equivalent to a DC

electroplating operating at the average current density of the pulsed electroplating.

The pulsed electroplating processes are generally split into two categorize:

1. Uni-polar pulsed electroplating, also referred to as ordinary pulsed electroplating. In
this category, all pulses have the same polarity and the applied current frequently os-

cillates between a positive state (Ip,4) and the off state, producing a sequence of pulses
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Figure 4.4: Main categories of the applied current densities Waveforms for electroplating. (a) Direct current
pulsed electroplating. (b) Ordinary uni-polar pulsed electroplating. (c) Bipolar pulsed electroplating.
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with similar duration and amplitude as shown in Fig. 4.4b. The duration of applied
current is denoted as the on-time (Tpy), and the duration of the off-state is denoted as
the off-time (Tprr). The duty cycle of the pulse (y) is the proportion of the on-time to

the total pulse time (Tpys.),
Ton

=9 4.6
"= Tont Topy (4.6)

The average current () is the actual applied value that is used for calculating the
material depositions’ rate and thickness. It can be calculated based on the peak current
and the pulse duty cycle,

I avg = Ipear - (4.7)

2. Bipolar pulsed electroplating; also referred to as reverse pulsed electroplating. In this
category, the applied current oscillates between values with different polarities. The
applied waveform has a total time of Tp,;.. The cathodic part of the applied pulse with
the positive polarity current is referred to as Ic operating for time 7¢ and the anodic
part of the pulse has a negative polarity current referred to as I4 operating for time 7y,
as shown in Fig. 4.4c. For bipolar pulsed electroplating, the duty cycle and the average
current (I/’wg) of the pulse can be calculated by:

Ty

= — 4.8

Y Tat I0 (4.8)

It r_ IaTa—IcTe 49)
Avg TA+TC . .

Besides the ordinary pulses, more complex waveforms have been investigated in the past [105,
107,122], some of which are presented in Fig. 4.5 and Fig. 4.6. These waveforms provide higher
control over the deposited materials. For uni-polar pulsed electroplating, the other candidates

were:

1. Superimposed pulses, where the pulses are built on top of a constant value.

2. Duplex pulse, where the pulse is composed of sub-pulses with different current densi-

ties.
3. Pulsed pulse, where each pulse is composed of a group of sub-pulses.

4. Pulsed on the pulse, where each pulse has a series of sub-pulses built over a constant

value.
For bipolar pulsed electroplating, the other introduced waveforms were:

1. Reverse pulse with off period, where the bipolar pulses are separated with off time.
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2. Reverse duplex pulse, where the pulse is composed of bipolar sub-pulses with various

current densities.

3. Reverse pulsed pulse, where each polar pulse is composed of a group of sub-pulses.

4. Reverse pulsed on pulse, where each polar pulse is formed of sub-pulses built over a

constant value.

For pulsed electroplating, typically, the pulse duration are in the range of milliseconds with a
duty cycle > 5% to be enough for the EDL to charge and the deposition happens. For any of
the mentioned complex waveforms in Fig. 4.5 and Fig. 4.6, the average current density can be
determined by dividing the integration of the applied current through a single full pulse over

the total pulse time,

1 ~Tpulse
Iy = —— / 1(t)dr. (4.10)
Tpuise Jo
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Figure 4.5: Different complex waveforms introduced for uni-polar pulsed electroplating. The candidates for uni-
polar pulsed electroplating are (a) Superimposed pulse, (b) Duplex pulse, (c) Pulsed pulse, and (d) Pulsed on
pulse. For all curves, the Y-axis is the current density (J), and the x-axis is the time (T).
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Figure 4.6: Different complex waveforms introduced for bipolar pulsed electroplating. The candidates for bipolar
pulsed electroplating are (a) Reverse pulse with off-time, (b) Reverse duplex pulse, (c) Reverse pulsed pulse, and
(d) Reverse pulsed on pulse. For all curves, the Y-axis is the current density (J), and the x-axis is the time (T).

4.3 Electroplating tool: current source

Generating the complex waveforms mentioned in the previous section for the electroplating
process is challenging. Numerous instruments and devices have been patented that are used
for generating the required waveforms for pulsed electroplating and pulse anodization. The
technologies range from manually switching the applied current for periods of a few minutes
to a programmable power source using a microprocessor [123]. Silicon-based pulse rectifiers
have been extensively considered. Nevertheless, they suffer from relatively slow falling and
rising times and cannot provide high pulse rates; they have grown into disuse. The review
by Raj et al. [122] covers the various previously developed devices for pulse anodizing having

similar specifications to those needed for pulsed electroplating.

In this section, a low-cost electroplating power source with high functional capability is in-
troduced. The system can be used to perform complex galvanostatic and potentiostatic elec-
troplating processes. The developed system was used to solve the difficulties of electroplat-

ing inkjet-printed conductive tracks on unstructured flexible substrates, as explained in Sec-
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tion 4.4. The system has also been used for performing other miscellaneous applications, as

demonstrated in the applications Section 4.5.

4.3.1 Current source design

The developed power source precisely controls the waveform and the amplitude of the current
pumped through the electroplating bath. The circuit possesses a feedback system for online
monitor and recording the output current for documentation and diagnostic purposes. The
circuit is controlled wirelessly over the internet connection via a developed graphical user
interface (GUI).

A BeagleBone Black Wireless®(BBB) is used as a microcontroller unit (MCU) of the system.
This microcontroller board posses a built-in wireless module that allows online access to the
circuit over an internet connection. The remote access to the circuit gives the benefit of re-
motely setting the electroplating process parameter. Moreover, the vital benefit is observing
the output voltage, which is used for monitoring the change in the impedance of the connected
load. The BeagleBone is a Linux-based microcontroller. It includes an SD card as a storage
memory, which provides enough space to record every electroplating process with different
values. A real-time clock (RTC) integrated circuit (IC)(BQ32000, Texas Instruments®) is in-
cluded in the circuit and connected to the MCU to keep track of the executed processes in

real-time.

The current source was built mainly based on three modules and a microcontroller: (I) an iso-
lated power supply for supplying the circuit with the necessary powers; (II) a feedback module
to sense the output signal and send it to the microcontroller; and (III) a voltage-controlled cur-
rent circuit (VCCC) to convert a voltage signal provided by the microcontroller to a controlled

output current.

Module (I). A DC power supply is used to provide the circuit with a DC power of 12V and
2 A. The input power provided by the supply is branched into four routes:

1. The first route is connected to an isolated 12 W input single and dual output DC-DC
converters (NCS12D1205C, Murata Power Solutions) to supply the circuit with bipolar
high power of £5V and £1.2 A.

2. The second route is connected to a step-down voltage regulator (LM2596, Texas In-
struments) to supply the circuit with 5V that is employed for low power purposes as

powering up the various ICs.

3. The third route is connected to low noise, low drift precision voltage reference to supply
the circuit with 2.5 V, which is mainly used as a reference voltage. Any change in this
reference voltage dramatically affects the output signal; therefore, a high precision IC

is used.
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4. The last rout is connected directly to a filter and used to supply the circuit with 12V

used to power up a cooling fan.

Module (II). A feedback signal from the output port is shunted to a 16-bit analog to digi-
tal converter (ADC) (ADS1112, Texas Instruments®), which sends the converted signal to the
microcontroller through the inter-integrated circuit (/2C) protocol. For protecting the micro-
controller board, an I*C isolator chip (ADuM1250, Analog Devices) is located between the

ADC and the microcontroller, as shown in Fig. 4.7.

Module (ITI). The microcontroller sets the control voltage (Vcontror) through the serial periph-
eral interface (SPI) by a 16-bit digital to analog converter (DAC) (DAC8831, Texas Instruments®).
The used DAC can generate a bipolar output signal in the range of +Vggr when working with
an external buffer. The reference voltage (Vrgr) was set to 2.5 V. Since a bipolar DAC is used,
the most significant bit (MSB) of the 16 bits acts as a sign bit, while the signal is defined by the

rest of the acquired digital word. Hence, the resolution can be calculated as follow:

Vet

on—1"

Resolution = (4.11)

For protecting the microcontroller board, an isolated dc-to-dc converter chip (ADuM6401,
Analog Devices) is located between the DAC and the microcontroller, as shown in Fig. 4.7.
The control signal (Vcontrol) is then provided to a VCCC, which is the most critical element
of the whole circuit as it defines its performance. Numerous approaches and designs of the
voltage-controlled current source have been introduced before and utilized in different appli-
cations [124-130]. The primary defining characteristic of a VCCC is the nominal value and

stability of the output impedance while changing the connected load impedance or the out-
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Figure 4.7: Schematic diagram illustrating the interface circuits connected to the microcontroller. The interface
electronics are used for generating the input control signal (Vcoperor) to the VCCC and measuring the feedback
signal (Vreedback)-
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put frequency. A current source derived from the modified Howland current source (MHCS)
was developed, characterized, and subsequently used in our electroplating experiments. The
(MHCS) was a perfect candidate as a VCCC for the electroplating application due to its simple
configuration, stability and reliability in the performance under different surrounding condi-

tions, and voltage compliance.

4.3.2 Voltage control current circuit (VCCC)

The modified Howland current source (MHCS) is used for controlling the amplitude and wave-
form of the output current as a function of the input control voltage. The MHCS is famous
for the high stability of the output current over a broad frequency band. The MHCS con-
figuration can sink or source bipolar current with a high output impedance, preventing the
connected load from affecting the circuit’s performance. Moreover, It can operate with floating
or grounded loads [131]. The MHCS is appropriate for applications that require stability in the
controlled current with different waveforms over a wide range of frequencies. Due to its re-
liable performance, The MHCS has been widely considered in numerous critical applications
in different fields, e.g., detecting breast cancer using the electrical impedance tomography
(EIT) [132] and in functional neural stimulation (FNS) [133, 134].

The basic Howland current pump (HCS) was first introduced by Prof. Bradford Howland of
MIT for controlling current via voltage in 1962 [135]. However, in the initial proposed design,
the output voltage did not swing close to the rail voltage supplied to the circuit leading to
complications regarding the voltage compliance [136]. Hence, the basic configuration was
inefficient with the loads that draw high voltages leading to waste in power. Consequently, the
modified version was introduced where the non-inverting port of the OPAMP was connected
to the output port via a passive resistor excluding the loading effects or the common-mode

voltages.

A schematic figure of the MHCS is shown in Fig. 4.8. The MHCS consists mainly of a set of
passive electronic components (resistors and capacitors) and one active electronics component
(operational amplifier (OPAMP)). Through this subsection, the MHCS is modeled, then the

circuit’s different components (resistors, capacitors, and OPAMP) are discussed.
MHCS circuit modeling:

The transfer function between the input control signal (Vo) and the output current (/oyt)
of a MHCS can be driven using a simple circuit analysis assuming an ideal OPAMP as shown
in Equation 4.12 (see Appendix B for derivation). The transfer function of the MHCS reveals a

simple linear relation between the input control voltage (Vconsror) and output current (Ioyr).

Ry Ri(R4+71)—RyR3
Tout = —Veontroi 75— + VOUT¥

4.12
Rir er(R3 +R4) ( )
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For a high precision current source, the circuit’s output impedance must be much higher than
the load through which the current is pumped, so that the load impedance doesn’t affect the
value of the output current. The output impedance (Zoyr) of the MHCS can be derived by
Vour/Iout while connecting the control signal (Vo) to the ground as stated in Equa-
tion 4.13. In general, Zoyr should be in the range of a few MQ for single-digit currents and

voltages.
Vour _  Rir(Rs+R4)
Iour  Ri(R4+r)—RaR3

Zour = (4.13)
Because of the OPAMP’s non-ideal performance, it has a finite common mode rejection ratio
(CMRR), which contributes to the output signal with a part known as common-mode noise.
The CMRR of a differential amplifier is the ratio between the differential gain (4,) and the
common-mode gain (Acu).

A
Vour = VaAa +VemAcmu, CMRR = Aid (4.14)

CM

The close loop CMRR as function in the resistors can be derived by assuming a non-ideal
OPAMP with finite gain (A). The output is calculated in the presence of inputs on the positive

and negative terminal of the amplifier [137].

R, Ry
Ri+Ry r

CMRR = 1+2A( ). (4.15)

As the opamp is the key component of the MHCS, the circuit’s performance can be strongly
affected as the opamp’s temperature increases. Hence, for the application where high power

is required for a long time, it’s essential to provide an excellent cooling system. The power
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Figure 4.8: A schematic figure of the modified Howland current source (MHCS).
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dissipation (PD) through the OPAMP can be estimated by the following,

PD = PSupply — Proaa = Vsl — IZRLoud~ (4~16)

Equation 4.16 shows that the dissipated power in the OPAMP is the remaining of the supplied
power (Ps,,piy) after deducting the power consumed by the load (Ppouq). For resistive load,
the power consumption is directly proportional to the square of the output voltage. Hence,
the maximum power dissipation (PD,ny) occurs at half of the maximum supplied voltage (I =
Vemax/2RLoaa) [138], assuming that the output voltage can swing to the voltage’s extreme.

Hence, the maximum dissipated power in the OPAMP can be expressed by,

2

1%
PD gy = —Smax_ 4.17
max 4RL0ad ( )

The power dissipation in the OPAMP can be used for estimating the junction temperature 7
by:
Ty =PD 0j5 + Ty, (4.18)

where 64 is the junction to ambient thermal resistance and 74 is the ambient temperature.
074 (°C/W) is function in the heat-sink’s area attached to the OPAMP; this relation is usually
provided in the OPAMP’s technical data-sheet. Hence, the heat-sink’s required area can be
estimated to keep the OPAMP temperature below the safety limits.

Components selection:

The Howland current source’s performance deviates from the theoretical predictions due to
ideality assumptions. Hence, each of the passive and active components of the MHCS must
be chosen carefully to achieve the high performance of stable and precise output current with
broad bandwidth. The main affecting factors on the circuit’s performance are the degree of
non-ideality of the OPAMP and the tolerance in the values of the resistors. Several compre-
hensive studies were done to study the performance of the MHCS under different conditions,

for example:

» Bertemes et al. studied the stability of the MHCS, due to the resistors’ values mis-
matching, for a frequency range up to 10 MHz [131]. It was shown that for the MHCS
to operate at high frequency, the open-loop gain needs to be raised. However, as the
open-loop gain of the OPAMP increases, the circuit becomes more sensitive to the re-
sistance tolerance. Hence the resistance needs to be perfectly matched for the MHCS

to operate stably at high frequencies [131].

+ Hammond et al. performed noise analysis for the MHCS by changing the resistance
configurations and tolerance [139]. The resistors’ ratios need to be matched carefully

as this will affect the output impedance of the circuit [139].
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« The practical problems involved with the different configurations of the Howland cur-

rent sources were discussed by Texas instrument [136].

L Resistors selection. The resistors’ values should be selected in a way for the circuit to be
symmetrical to improve the stability. By achieving R = R3 and R, = R4+ r, so that R; /R,
match R3/(R4+ ), achieves the goal. So that the total output current of MHCS (Ipyr) in
Equation 4.12 will depend only on the control signal (Vo) and is not affected by the output
voltage (Vour), then it can be expressed as:

Ry

Tour = 7VC0ntralR7- (4.19)
1r

Equation 4.19 reveals the simple linear relation between the input control signal and output
current, where r sets the gain and R; /R; scales it. The resistor r is selected to have low resis-
tance in the range of few to hundred ohms. The remainder of the circuit’s resistors are in the
range of kilo-ohms to mega-ohms. Consequently, R, >> r so the output current direction can
be assumed to flow through r towards the load based on the current divider rule. Thus, a high
power resistor is employed for r. A small value of r reduces Zpyr in Equation 4.13, but at the

same time, it improves the CMRR in Equation 4.15.

Resistance tolerance plays an essential role in the MHCS behavior. Any small miss-match be-
tween RyR3 and R (R4 + r) will permit the connected load to influence the output current.
On the other hand, Zpyr and CMRR are both inversely proportional to the resistance tol-
erance [137,140]. The resistors’ miss-match results in poor CMRR no matter how good the
OPAMP is. Consequently, as the used resistances in the MHCS have wide ranges of tolerance,
the circuit’s performance is strongly reduced. It’s preferable to increase the close loop CMRR

to overcome the common-mode input signal.

Trimming the resistances is essential to increase the CMRR and overcome the output current
dependency on the load impedance leading to improved performance of the MHCS. Several
approaches have been introduced to accurately set the resistance values, summarized in the
technical report provided by Texas Instruments [136]. Trimming can be achieved by using
trimmer resistors or using highly accurate resistors with low error percentages, which are
relatively expensive. A potentiometer could be connected in series with R3 to balance the
gain. Consequently, the output current can be controlled efficiently with a resolution in the

HA range, with output voltages up to few volts.

II. OPAMP selection. In general, any OPAMP can be utilized for building a MHCS. However,
it’s recommended to choose the OPAMP based on the application. In the case of applications
where a wide range of output voltages are required, OPAMPs with relatively high supply volt-
ages (e.g., =15V) should be used. Additionally, It’s recommended to use rail to rail OPAMP
where the output voltage (dynamic range) can swing between the supply voltages’ extremes.

In the case of low output voltage applications, low voltage CMOS amplifiers can be utilized.
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For achieving a fast switching current pumps, current feedback amplifiers can be used. How-
ever, current feedback OPAMP usually operates at low impedance and has insufficient CMRR,
even below 60 dB. Hence, excellent trimming of the resistors is required to balance the poor
CMRR.

IIL. Capacitors selection. Two essential capacitors need to be added to the MHCS. The added
capacitors don’t affect the amplitude of the output signal; however, they are necessary to

suppress the noise that can influence the circuit’s output.

1. The safety and stability of the MHCS under open output conditions can be ensured by
using a capacitor of a few pF (C) to shunt the OPAMP’s positive input to the ground.
The added capacitor maintains the positive feedback to be always less than the negative
feedback.

2. The higher frequency noise can be suppressed by adding a feedback capacitor C; in
parallel with the negative feedback resistance R,. The added negative feedback capac-
itor provides a single dominant pole in the negative feedback loop, which results in
narrowing the bandwidth and prevents sustained oscillations. The negative feedback
capacitor and resistor with the OPAMP creates an active low pass filter with a cut-off

frequency (fcurofs) calculated by,

1

—. 4.20
2nCHRy ( )

feutof =
The negative feedback capacitor’s value should be high in the range of a few nF to
narrow the bandwidth and thereby enhances the output stability. On the other hand, a
high capacitance will slow down the output. For the applications that require a borad

bandwidth, the feedback capacitor’s value can be reduced down to few pF.

The virtual capacitance of the MHCS (Coyr) can be assessed using Equation 4.21 to estimate

the circuit’s dynamic behavior (see Appendix B for derivation).

IO _ R3 (Rl =+ R2)2
dVo/dt  2mrR3}(R3+ Rs)GBWP'

Cour = (4.21)

Reducing the virtual capacitance of the circuit results in increasing the output speed. The
virtual capacitance can be reduced either by increasing r or selecting an OPAMP with high
gain-bandwidth product (GBWP).

4.3.3 Electroplating setup

Table 4.1 reports the actual components of the MHCS used for the construction of the elec-

troplating current source shown in Fig. 4.9. Considering the output current will be flowing
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4.3 Electroplating tool: current source

Table 4.1: The components used in constructing the modified Howland current source.

Component Value Comment

OPAMP OPA561 Power operational amplifier, Texas Instruments
r 10+ 5% PWR163 series power resistor, Bourns

Ri=R3 6800+ 1%Q SMD E24 series resistor, Multicomp

Ry 10 £ 1%kQ+ 10+ 5%Q

Ry 10+ 1%kQ SMD E24 series resistor, Multicomp

G 3+5%pF MLCC - SMD 50V 0603 , Murata

o) 15 £ 5%pF MLCC - SMD 50V 0603 , Murata

through 7, a thick film power resistor with a rating power of 25 W is used for . The maximum
current that the circuit can provide is below 370 mA. Accordingly, the resistor’s maximum
dissipated power is estimated to be ~ 1.4 W, which is way below the resistor’s rating power.
Thus, the resistor’s temperature is ensured not to increase during the operation, keeping r at
a stable value. For the rest of the resistors, low power resistors with excellent tolerances of
+1% were used; hence no trimming was required. The current source in isolation can operate
up to a frequency of more than 1 MHz based on Equation 4.20, upon the used value for the

negative feedback capacitor C, and resistor R;.

A high-speed power OPAMP is used with dual supply voltages of +3.5 — £7.5V and can drive
output current up to 1.2 A. The amplifier possesses a thermal shutdown safety option. Addi-
tionally, it provides a notification signal through a status pin (E/S) in case of thermal shutdown.
The thermal shutdown option is essential for the electroplating application as processes can

run continuously for hours. A sufficient cooling system should be provided to ensure the per-
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Figure 4.9: Photograph of the developed electroplating power supply. The power source features an isolated
power supply, bipolar DAC for generating the control voltage signal, cooling fan, and the voltage-controlled
current source (VCCC) based on the modified Howland current source (MHCS). The circuit is attached on the
top of the BeagleBone black wireless (BBB) board.
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formance’s stability and avoid the OPAMP’s shutdown condition, mainly when operating a

long electroplating process with relatively high current densities.

A cooling fan is used, as shown in Fig. 4.9. Additionally, a cooling pad with holes created in
the PCB under the amplifier following the data-sheet recommendation. Under the operating
parameters of Vs = 5V and r = 10Q, the opamp’s maximum dissipation power (PD,4y) is
estimated to be below 1 W, using Equation 4.17. Consequently, the amplifier junction tem-
perature in case of maximum power dissipation is below 70 °C at room temperature, which is

sufficiently below the maximum junction temperature of the OPAMP of 150 °C.

A photograph of the full electroplating setup is shown in Fig. 4.10. A self-built copper elec-
trolyte bath (Cuprostar® LP-1, Enthone-OMI GmbH) is used with a composition of 2M con-
centration CuzSOy, 0.7 mM H2SO4, and 0.009 mM HCL. The bath was continuously stirred
and filtered using an electric pump. Schematic of each of the current source modules, as well as
the whole circuit’s schematic and the electrolyte composition, are available as supplementary

material found in Appendix. B.

4.3.4 Graphical user interface (GUI)

A graphical user interface (GUI) is created based on a python script, as shown in Fig. 4.11. The
GUI is pre-loaded on the MCU (Beaglebone) and can be accessed using a personal computer.
The script is pre-programmed with all the previously mentioned electroplating waveforms in
Subsection 4.2.1. The GUI allows the user to define the surface area required to be plated and

the process total time. Then the user can choose from a drop-down list the required type of

Cathode

Electrolyte

Figure 4.10: Photograph of the whole electroplating setup. The setup features copper electrolyte, electric pump
for steering and filtering, the developed power source, and connecting wires.
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Figure 4.11: Graphical user interface (GUI) for controlling the electroplating current source.

the waveform, which activates a query with the parameters that need to be filled by the user.
The user fills the required electroplating current densities (A dm~2), and the script calculates
the required current (mA) based on the specified area and current densities. The developed
device gives the advantages of autonomously running a series of different electroplating wave-
forms, allowing depositing several layers with different micro-structures, as discussed later in
Section 4.4. The total electroplating time, the remaining time, the currently running wave-
form, and the measured output are displayed on the GUI with a real-time update.The python
codes for controlling the current source and the BBB shell configuration file can be found in

Appendix B.

4.3.5 Current source characterization

This subsection presents the experimental results of characterizing the circuit’s output cur-
rents and voltages under different load resistances. Additionally, the time response of the
developed current source was evaluated during switching between different current levels.
Furthermore, the circuit was utilized to generate the different electroplating waveforms dis-
cussed previously in Section 4.2.1. The waveforms were generated with relatively high current

densities while being connected to an electroplating setup.

For studying the effect of the load resistance on the circuit’s output current, the current source
was attached to a resistor kit, and an oscilloscope was connected in parallel with the load re-
sistance to calculate the output current Ipy7. Figure 4.12 presents the experimental result of

investigating the impact of the connected load resistance on the circuit’s output current. The
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relationship between the programmed current (/;y; the value inserted to the controller) and the
actual measured output current when varying the connected load resistance is demonstrated
in Fig. 4.12a. The reference line (black line) in the graph represents the current ideal perfor-
mance, where the deviation from the reference line is the error value. The error increases
proportionally with the circuit’s output current value Joyr. The measured error values are in
the range of 0%-2% until the maximum driving voltage is reached, where the output current
reaches a saturation state, after which it does not increase. Figure 4.12b presents the measured
maximum output current /pyr at each load resistance value. Increasing the load resistance
limits the maximum current that the circuit can deliver. Electroplating setups typically have
an electric resistance of only a few ohms. Hence, from the experimental characterization, the

full range of output currents can be employed for the electroplating process.

Practically all current sources have a saturation value of the output voltage (Vsaurarion). Below
Vsaturation> the circuit’s output current is constant, and above Vsuyrarion, the circuit’s output
current follows a decaying curve, as shown in Fig. 4.13b. This behavior is typical for most of
the current sources where at low load resistance, the output current is constant and stable.
In contrast, as the connected load increases, the output current starts dropping and deviates
from the desired behavior. For the developed MHCS circuit, Viiaurarion Was measured to be
+4.3 V, which is an excellent performance for an MHCS with an OPAMP supplied with volt-
ages of +5V. This good performance mainly results from carefully designing and choosing
the electronics components to satisfy the points mentioned in the component selection Sub-

section 4.3.2.

During the pulsed electroplating process, the applied current continuously oscillates between

different values; therefore, the settling time, overshoot, and final error of the output current
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Figure 4.12: Experimental data showing the impact of the connected load resistance (Rz,4¢) on limiting the cir-
cuit’s output current (/pyr). (@) The programmed output current (/;y) versus its measured actual output current
(Ioyr) value at different load resistances. (b) The maximum output current that can be pumped at different load
resistances.
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are of interest. Figure 4.13a illustrates the alterations in these three parameters with respect
to the difference between the output current levels while changing the connected load resis-
tance. Three families of curves are shown, representing the different output current levels.
Within each group of curves, the connected load resistance is swept. When the output current
alternates between relatively close current levels, the circuit takes around 30 ps to settle to its
final value. The settling time decreases as the gap between the output current levels increases.
On the one hand, increasing the connected load resistance increases the circuit’s settling time
as well. On the other hand, a higher load resistance dampens the overshoot value. The over-
shoot value increases at higher output currents. For the pulsed electroplating process, the

pulse width is in the range of ms, and hence, a settling time in the range of s is acceptable.

The developed current source capability for electroplating was tested by generating the wave-
forms discussed in Subsection 4.2.1, Fig.4.5, and Fig. 4.6. The current source cathode was con-
nected to a copper electrode, and the anode was connected to a metalized silicon substrate of
rectangular shape, with dimensions of 4cm x 1.5cm. The silicon substrate was covered with
20 nm chromium and 60 nm gold layers. The chromium layer is used to promote the adhesion
between the silicon and the gold layer. The chromium and gold layers were deposited using
the physical vapor deposition process (PVD) (Univex 450) at deposition rates of 5 As~! and
8 As~!, respectively. The copper electrode and metalized silicon substrate were immersed in
a self-made sulfuric acid-based electrolyte bath (Cuprostar® LP-1, Enthone-OMI GmbH). The
electrolyte was constantly stirred and filtered by an electric pump setup, as discussed previ-

ously in Fig. 4.10.

Figures 4.14 and 4.15 show samples of the waveforms that were successfully generated by the
current source when connected to the electroplating bath. During the electroplating process,
the pulse width should be enough for the EDL to be charged; otherwise, electrode-position will

not happen. The negative pulse width should also be enough for the interface to discharge, as
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Figure 4.13: Dynamic behavior and saturation states of the developed current source. (a) The experimentally
measured settling time of the circuit’s output current Ipyr at different current levels and load resistances. (b)
The experimentally acquired saturation curves, illustrating the output current drop at different load resistance.
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Figure 4.14: Different complex uni-polar waveforms generated by the current source when connected to an
electroplating path. The generated uni-polar waveforms are: (a) Superimposed pulse; (b) Duplex pulse; (¢) Pulsed
pulse; and (d) Pulsed on pulse.

discussed previously in Section 4.1. Hence, The pulse widths were chosen in the range of ms
to fit with the electroplating application. The ripples and oscillations on the measured wave-
forms are barely observed because of the time scale. The purpose of these experiments was to
demonstrate the capability of the developed device under extreme conditions. Therefore, the
generated waveforms had relatively high current densities of 6 A dm~2. Moreover, each of the
presented waveforms was kept running for more than 2 h. The circuit operated in a stable and
robust manner in generating all indicated electroplating waveforms. It was also successful in

generating the same waveforms with different time intervals and current densities.
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Figure 4.15: Different complex bipolar waveforms generated by the current source when connected to an elec-
troplating path. The generated bipolar waveforms are: (a) Reverse pulse; (b) Reverse pulse with off-time; (c)
Reverse pulsed pulse; and (d) Reverse pulsed on pulse.
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4.4 Electroplating of inkjet-printed flexible electronics

Inkjet-printing a conductive seed-layer onto an unstructured polymer substrate is an essen-
tial process step in the field of flexible electronics [51,65], as discussed in the previous Chap-
ter 3.1.2. The thickness of the printed layer is usually in the range of a few hundred nanometers
which is very small for RF applications. Increasing the printed conductive layer’s thickness can
be realized either by printing multilayers [141] or by electroplating, which is more effective.
Moreover, electroplating allows increasing the thickness of the conductive layer to several
micrometers [61, 142, 143]. However, the adhesion of printed metallic films on the flexible
substrate is particularly challenging, especially after electroplating. During electroplating the
printed tracks, a charged layer is created around the electroplated tracks [105]. This charged
layer results in high current concentrations nodes along the tracks’ corners and edges, result-
ing in plating stress that leads to peeling off of the structures, as shown in Fig. 4.17. Using
pulsed electroplating for manipulating this charged layer is a remedy and one of the main

reasons for employing differentiated electroplating voltage waveforms.

In the following subsections, the developed current source is utilized to solve the adhesion

problem accompanying the electroplating of printed conductive tracks on flexible substrates.

4.4.1 Materials and methods

Different electroplating waveforms were tested to study their impact on the adhesion of inkjet-
printed tracks on a flexible substrate, as well as on the metallic micro-structure of the de-
posited layer. Silver rectangular tracks with 10 mm X 13 mm dimensions were inkjet-printed
on a 125 pm Kapton sheet, as shown in Fig. 4.16. The ink used for inkjet-printing was 30-35
wt.% suspension of silver nanoparticles (Sigma-Aldrich®) with diameters< 50nm dispersed
in triethylene glycol monomethyl ether. The silver ink is rated with a surface tension of 35-
40 mNm~! and a viscosity of 10-18 mPas at room temperature. A Fujifilm Dimatix DMC-2800
printer was used for printing. A 10 pL print head-cartridge (DMC-11610, Fujifilm Dimatix) was
filled with the ink and loaded to the printer.

During printing, the substrate plate and the printing head were maintained at a temperature
of 25°C. The printing dot spacing was set to 25 um, and the printing frequency was set to
5 kHz using one of the 16 nozzles for printing, which resulted in uniformly printed tracks. Be-
fore printing, the Kapton foil was rinsed with acetone, isopropyl alcohol (IPA), and deionized
water (DI water). After printing, the Kapton foil with the printed tracks was transferred to a
hot plate for drying at 80 °C for 15 min, followed by sintering in an oven at 150 °C for 1 h. Sub-
sequently, electroplating was carried out in the previously discussed setup in Subsection 4.3.3
and Fig. 4.10. Electroplating was performed without adding special additives or heating the
bath, as the interest was to control the electroplating outcome by controlling the waveform

only. After electroplating, the sample was rinsed using DI water, followed by drying using an
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Figure 4.16: Inkjet-printed silver ink on a 125 pm Kapton film. The printed track is presented for three levels of
detail. The inner focused view is a scanning electron micro-graph (SEM).

air gun and placing the sample in a vacuum for 20 min to restrain oxidation.

4.4.2 Results

First, samples were electroplated by applying DC waveforms with relatively low, medium, and
high current densities. The applied current densities were 0.5 Adm~2 for 90 min, 1.5 Adm 2
for 30 min and 3 A dm~2 for 15 min, leading to deposited copper layers of thickness of ~ 10 um.
For all samples electroplated using DC waveform, the tracks peeled off from the Kapton sub-
strate, as shown in Fig. 4.17. It was observed that as the applied current density increases, the

structures start to roll up due to the internal plating stress.

Then, samples were electroplated by applying pulsed electroplating. Uni-polar and bipolar
with off-time waveforms were selected. The uni-polar waveform is defined with three param-
eters; Ipear, Ton, and Torr, as shown in Fig. 4.4b. The selected parameters of the uni-polar
pulsed electroplating were Ip,q; = 0.6 Adm~2, Toy = 250 ms, Torr = 50 ms. The bipolar with
off-time waveform is defined with six parameters; Ic, Tc, 14, T4, and the off-times between
the pulses (Torr and T’OFF), as shown in Fig. 4.6a. The selected parameters of the bipolar
pulse were Ic = 0.8 Adm ™2, T¢ = 300ms, Iy = 1.5Adm ™2, Ty = 50ms, Topp = 10ms, T opp
= 20 ms. Both types of waveforms have an average current density of 0.5 Adm~2 calculated

using Equation 4.10, resulting in the same deposition rate. The pulsed electroplating processes

Figure 4.17: DC electroplating of inkjet-printed silver tracks on a 125 ym Kapton substrate using different current
densities. The current densities applied are (a) low, (b) medium, and (c) high current. The plating stresses cause
the curling of the electroplated films, which increases with the applied current densities as seen in (b) and (c).
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were run for 90 min, achieving deposited copper layers of thickness ~ 10 um.

The film deposited by the bipolar waveform shows a perfect adhesion to the Kapton substrate.
On the other hand, the film deposited by the uni-polar waveform show adhesion better than
the DC waveform but not as good as the bipolar plating. The effect of the two waveforms on
the metallic micro-structure of the deposited copper layer was investigated with respect to the

surface topography, roughness, and grain size, employing three characterization techniques:

1. Scanning electron microscopy (SEM) (Carl Zeiss AG—SUPRA 60VP SEM) images are
shown in Fig. 4.18. On the macro scale, the copper film deposited by the bipolar pulse
was observed to be darker than that in the case of uni-polar plating. This was confirmed
by the SEM images that show a relatively bigger deposited copper particles in the case
of bipolar plating compared to that in uni-polar plating.

2. White light interferometry (WLI) (Bruker ContourGT-K 3D Optical Microscope) for
measuring the surface roughness. A focusing area of 75 um x 95 pm was chosen for
measurement, to avoid the Kapton film bending from affecting the roughness calcula-
tion. The uni-polar and bipolar electroplated copper sheets showed roughness values

of 51 nm and 1840 nm, respectively.

3. X-ray diffraction (XRD) was conducted on a Bruker D8 Advance diffractometer in 6 — 6
geometry using Cu-Ka » radiation. XRD measurement was done in the range between
40°C and 99 °C, with the results presented in Fig. 4.19. The measured reflections in x-
ray diffractograms consisted of peaks observed at 43.2°, 50.4°, 74.1°, 89.9°, and 95.1°
that correspond to a planes (111), (200), (220), (311), and (222), respectively. Positions
of these planes correspond to the Fm3m space-group. Crystallite sizes were calculated

following the Scherrer formula based on a method described by Warren [144]: 7 =

Figure 4.18: Pulsed electroplating of inkjet-printed silver tracks on a 125 pm Kapton substrate. The waveform
used are (a) uni-polar and (b) bipolar pulsed electroplating. For each electroplated film, SEM images are pre-
sented.
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Figure 4.19: X-ray diffractograms of electroplated copper sheets with uni-polar and bipolar waveforms.

KA /(B cosB), where 7 is the ordered crystallite’s mean size, K is the shape factor, A
is the X-ray wavelength (1 = 1.54 A), B is the selected reflection’s full width at half-
maximum (FWHM), and 0 is Bragg’s angle. The crystallite sizes for the uni-polar and

bipolar plated samples were 30 nm and 307 nm, respectively.

The impact of varying the pulsed electroplating parameters on the metallic micro-structure
was investigated. For both uni-polar and bipolar electroplating, samples were plated with
relatively low, medium, and high average current densities. The applied average current den-
sities were 0.5 Adm~2 for 90 min, 1.5 Adm™2 for 30 min and 3 Adm~2 for 15 min, leading
to deposited copper layers of thicknesses of ~ 10um. The used current densities ratings are

equivalent to that used for the DC electroplating shown in Fig. 4.17.

Tables 4.2 and 4.3 summarize the plating printed silver layer results using uni-polar and bipo-
lar waveforms with different current densities (mentioned in the footnote of the tables). In
uni-polar pulsed electroplating, the SEM images show a very similar micro-structure with
increasing the applied current density. Additionally, the WLI measurements show that the
surface roughness decreases as the applied current density increases. In the bipolar pulsed
electroplating. The SEM shows different micro-structures with increasing the applied current
density, where high current density leads to conglomerates formation. Moreover, the surface
roughness was observed to be increasing proportionally with the applied current density. In
conclusion, bipolar electroplating was observed to promote the printed conductive layer’s ad-
hesion to the flexible substrate compared to the uni-polar plating. However, the uni-polar
electroplating results in a better surface finish with roughness below 80nm other than the

bipolar plating, which results in roughness in the pm scale.

The developed power source provides the flexibility to run a sequence of electroplating pro-
cesses where each process has different waveforms. With this sequence of the plating process,
a film can be deposited with several layers where each has individually determined micro-
structures. A series of bipolar and uni-polar pulsed electroplating was performed for an inkjet-
printed silver track on a Kapton film, as indicated in Fig.4.20. This plating sequence combines
the advantage of the bipolar plating on promoting the adhesion to the substrate and the advan-

tage of the uni-polar waveform toward a better surface finish. The parameter of the conducted
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Table 4.2: The effect of changing the uni-polar pulsed electroplating parameters on the metallic micro-structure
of plated inkjet-printed silver tracks on Kapton foil.

Parameter | (Iag =0.5Adm 2) (Iavg =1.5Adm 2 (Iavg =3Adm~2¢

SEM

WLI

Ra

2 Jpea = 0.6 Adm™2, Trory = 90min.
b Ipeak = 1.8 Adm ™2, T = 30min.
€ Ipeak = 3.6 Adm~2, Ty = 15min.
ab.e oy =250ms, Topr = 50ms.

Table 4.3: The effect of changing the bipolar pulsed electroplating parameters on the metallic micro-structure of
plated inkjet-printed silver tracks on Kapton foil.

Parameter | (Iag =0.5Adm2) (avg =1.5Adm 2 (Iavg =3Adm~ 2

SEM

WLI

Ra

2 Jc=0.8Adm 2, I, = 1.5Adm 2, Tros = 90min.

b Je=22Adm 2, Iy =3.3Adm 2, Try = 30min.

¢ Jc=4Adm 2, [y =4.2Adm 2, Ty = 15min.
aber.=300ms, Ta =50ms, Tog=10ms, T o = 20ms.
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Figure 4.20: Double-layer electroplating waveform.

electroplating process is as follow: (1) the bipolar waveform: I = 1.25 Adm ™2, T¢ = 250 ms,
Iy = 1Adm™2, Ty = 100ms, Toppp = 25ms, T opr = 50 ms, and total process time (Tgipotar) =
15 min; and (2) the uni-polar waveform: Ip,4; = 0.8 Adm2, Ty = 250 ms, Topp = 150 ms, and
the total process time (Ty,i—potar) = 75 min.

Both pulses had an applied average current density of 0.5 Adm™2 and the total plating time
was 90 min, resulting in a copper film with a total thickness of ~ 10um. Figure 4.21 shows
the SEM images of the printed silver layer as well as both of the deposited layers. SEM re-
veals both layers’ micro-structures, where the first layer resulted from the bipolar waveform
featured a relatively rough surface but resulted in good adhesion of the printed track to the
Kapton substrate. In contrast, the upper layer resulted from the uni-polar waveform featured

a smoother surface. The roughness of the final surface was measured using WLI to be 328 nm.

4.5 Various applications for the developed current source

The developed electroplating current source was distributed in our research group and has

been used for different applications. To show its applicability, three examples are selected and

Figure 4.21: Double-layer electroplating of a printed silver track on a 125 ym Kapton film. The SEM micrographs
are for: (a) Printed silver layer; (b) Bipolar electroplated layer, which promotes the adhesion of the conductive
layer on the flexible substrate but results in a rough surface; and (c) Uni-polar electroplated layer with a relatively
smooth surface for better surface finish.
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4.5 Various applications for the developed current source

demonstrated in this section. The experiments shown here were not entirely conducted by
myself: laser carbonization of Nomex in Subsection 4.5.1 was done by Emil R. Mamleyev, 3D
printing of carbon micro-lattice architectures in Subsection 4.5.2 was done by Monsur Islam,

and the setup presented in Subsection 4.5.3 was designed and built by Markus V. Meissner.

4.5.1 Electroplating of a laser carbonized polyaramid-based
film.!

Electroplating substrates with a high electrical resistivity as carbon is challenging compared
to electroplating materials with a high conductivity as gold or silver. The challenge arises
from the electroplating process nature, where the electrical current should be pumped through
the material that needs to be plated. Thus for electroplating material with high electrical
resistivity, a powerful current source is required to pump the current through the resistive
substrate. Within this subsection, the developed current source was successfully utilized for
electroplating carbon tracks on polyaramid-based flexible substrate. The deposited copper

layer was then used to generate customized flexible antibacterial coatings.

A 130413 pm thick Poly(1,3-phenylene isophthalamide) is used as the base substrate, it’s com-
mercially known as Nomex®Type 410 insulation paper (DuPont™; supplied by RS Compo-
nents). Figure 4.22 summarizes the fabrication process. The Nomex film was first rinsed with
isopropanol and dried for 10 min at room temperature. The film was then glued on a glass
wafer with an acrylic adhesive sheet (3M-467MP) to prevent the film from bending during
fabrication. Laser-induced carbonisation was performed using a CO;-laser (ULS Versa Laser

3.50, wavelength: 10.6 um, lens 2.0, beam diameter 120 um at focus).

Performing carbonization with a single irradiation process results in carbon tracks with very
high electrical resistivity. Thus, two different carbonization recipes with multiple irradia-

tions were adopted for the manufacturing of the carbon layers. The first carbonization recipe

Copper layer

=

Laser carbonization Copper electroplating Result
@ 2 ©)

Carbon layer

Figure 4.22: Schematic illustration of the fabrication flow of electroplating carbonized Nomex. (1) Laser irradi-
ation of a Nomex sheet fixed on a glass substrate using LC2 and LC3 recipes. (2) Copper electroplating of the
resulted carbonized tracks on the Nomex sheet. (3) Resulted flexible copper tracks on the Nomex sheet.

IThis subsection’s text and figures were partially adapted from the author’s published work [ON2] with
permission of American Chemical Society. Laser Carbonization of Nomex was done by Emil R. Mamleyev.
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4 Electroplating

was conducted with a double irradiation procedure, and the resulted samples are denoted as
LC,. During the first irradiation scan, parameters were adjusted to a scanning speed of 3 W,
13cms™!, a distance between pulses in a line at ~65 pm, an interline distance of ~100 pm, and
a focal distance of 2.5 mm. During a second irradiation scan, the scanning speed was raised to
32cms ™!, and the distance between pulses was lowered to ~25 pum. The second carbonization
recipe was performed with a triple irradiation procedure, and the resulted samples are denoted
as LCs. During the first irradiation scan, parameters were adjusted to a scanning speed of 3 W,
13cms™!, a distance between pulses in a line at ~25 um, an interline distance of ~25 ym, and
a focal distance of 2.5 mm. Subsequently, the same procedures as LC, were repeated except
for the pulse distance, which was kept at 25 pm for all scans. Subsequently, after carboniza-
tion, the LC; and LC3 samples were electroplated using the developed electroplating setup
discussed in the electroplating setup Subsection 4.3.3. A DC electroplating was applied with
a current density of 1 Adm~2 for 5min. After electroplating, the samples were rinsed with
DI water and dried on a hot plate at 95 °C for 5 min to prevent copper oxidation by evaporat-
ing the residual moisture. Both samples LC; and LC; were successfully plated with copper.
The samples maintained their electrical resistance and remained fixed to the Nomex substrate
without damage even after bending. Figure 4.23 demonstrates the surface morphology of the
carbon layer as well as the plated copper layer. The deposited copper particles have crystal-
like shapes with lengths over 3.2 ym and 3 um and widths over 1.13 um and 1.15 um for LC,,
and LCs, respectively. In the LC5 sample, most of the deposited crystals were established on a
central active site and consistently interconnected with neighboring crystals, providing better
electrical stability than LC;,. The thickness of the deposited copper layer was determined to
be slightly above 3.5 pm.

Carbonized layer Electroplated copper

d)

Figure 4.23: Surface morphology after carbonization and electroplating of Nomex. SEM images of the carbon
layer generated by double LC; (a) and triple LCs (b) irradiation procedure. SEM images of the copper layer after
electroplating of the LC; (c, d) and LCs (e, f) samples.
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4.5 Various applications for the developed current source

4.5.2 Electroplating of 3D printed carbon micro-lattice archi-

tectures?

This subsection introduces another application of the developed electroplating current source
for plating 3D carbon structures. The 3D carbon architectures were fabricated by printing 3D
structures out of an epoxy resin using stereo-lithography and then carbonized in a nitrogen
environment [145]. SLA-3500 laser stereo-lithography system (3D Systems, USA) was used for
printing the epoxy resin WaterShed XC11122 (DSM Desotech BV, Netherlands) to realize the
3D architectures. The stereo-lithography system works layer-by-layer, enabling the polymer-
ization of the resin and produce 3D solid complex components. After printing the 3D prototype
using stereo-lithography, it was rinsed by immersion in acetone for 2 min and post-cured in
a UV oven for around 20 min to improve mechanical properties. The pyrolysis process for
obtaining carbon scaffolds was conducted in a horizontal tube furnace (Carbolite Giro, Ger-
many). The prototype obtained from the stereolithography process was heat-treated at 900 °C.
The steps of the heat-treatment process were [146-149]: 1) heating from room temperature to
900 °C under a heating rate of 2.5 °C/ min; 2) dwell for 1 h at 900 °C; and 3) cooling the sample
down to room temperature by turning off the heater of the furnace. The whole heat-treatment
process was conducted in an inert atmosphere achieved by a constant nitrogen flow with a
flow rate of 0.8 L/ min.

Before electroplating, the 3D carbon micro-lattice architectures were rinsed by immersion

in DI water. Electroplating was performed using the developed electroplating setup. A DC

K

Figure 4.24: Electroplating of 3D printed carbon micro-lattice architectures. (a) Photograph of the 3D carbon
architectures before and after electroplating with copper. The 3D carbon architectures are fabricated by stereo-
lithography printing then carbonization in an inert environment. (b-d) SEM images of the deposited copper
layer.

23D laser stereolithography printing of the carbon micro-lattice architectures was done by Monsur Islam.
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electroplating was employed with a current density of 1.5 Adm™2 for 2 min. After plating, the
sample was rinsed using DI water, followed by drying using an air gun and placing the sample

in a vacuum for 30 min to restrain oxidation.

Figure 4.24a shows the 3D carbon structure before and after electroplating. The achieved 3D
copper cube had a total surface area of ~ 100mm?. Figures 4.24b-d present SEM images of the

deposited copper. The deposited copper layer thickness was measured to be ~ 2 um.

4.5.3 Parallel electroplating®

The developed electroplating power source is compatible with the parallelization concept. A
PBC was developed possessing eight current channels where each being separately and real-
time controllable, as shown in Fig. 4.25. A self-constructed electroplating setup was prepared
for parallel electroplating. The setup was build-out of four 3L glass beakers, each equipped
with a single copper anode and two wafers holders connected to the cathodes (power source
channels). Holders for the electrical connections, thermometers, anodes, and cathodes (wafers)
were cut of PMMA (Poly(methyl methacrylate)) sheets using a laser cutter (VLS2.30, Universal
Laser Systems Inc.). The electrolyte allowed plating all of the eight wafers at room temperature

at relatively high current densities of up to 4 Adm~2,

Copper Electrolyte

Magnetic steerer
+
Heater

8 Ports
Current Source

Figure 4.25: Electroplating setup for plating eight 100 mm wafers in parallel. The power supply with eight chan-

nels is presented in the foreground left, and a PMMA wafer holder is shown to its right. The figure is generated
by Markus V. Meissner.

3The electroplating setup with eight channels shown here was designed and built by Markus V. Meissner.
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5 State-of-the-art: interventional Magnetic

Resonance Imaging (iMRI)

atheter-based intervention is one of the effective medical methods used in treating and

diagnosing cardiovascular diseases. It plays an essential role in the field of minimally
invasive medicine [150, 151]. Over the past two decades, cardiovascular diseases have been
reported as the leading cause of death globally, with more than seventeen million fatalities in
2017 surpassing all other medical causes combine [14]. Patients suffering from large vessel
occlusion should be treated fast as it leads to death or long-term disability. Catheter-based
endovascular embolectomy is an effective treatment where the doctors use a catheter under
the visualized tracking approach to control its path through the vessels [152]. Hence, providing
a surgeon with a real-time precise location of the catheter’s tip within the patient’s body is a
prerequisite for further advancement of minimally invasive medical operations. Tracking the
catheter can be achieved using real-time X-ray fluoroscopy. However, X-rays affect the patient
and the medical staff with doses of potentially harmful ionizing radiation [153]. Moreover,
tracking catheters using X-ray suffers from poor contrast of soft tissues, making the method

unsuitable for complex interventional procedures [150].

Hence, tracking a catheter’s tip within a magnetic resonance environment has been a topic
of great attention during the past decade and has been considered a promising approach for
interventional diagnosing and immediate treatment [154-156]. Several approaches have been
developed to track catheters in an MR environment, categorized into passive and active tech-
niques. The passive approaches depend on the magnetic susceptibility difference between
the catheter and the body tissues, which results in a visualized location of the catheter [157].
Therefore, it requires either susceptibility artifacts or contrast agents [158]. Although passive
approaches are easier to implement and cost-effective, they are less robust and lack reliabil-
ity than other approaches [159]. The second approach is electrically active, where additional
hardware such as resonators (coil || capacitor) [160,161] or RF antennas [162,163] are placed on
the catheter’s tip resulting in a traceable visible spot in the MR image. The active approaches
are divided into active and semi-active methods. In the active methods, the micro-resonators
on the catheter tips are connected to the MRI scanner through a conductive wire for data
transfer. On the other hand, the semi-active method eliminates conductive wires where the
catheter’s resonator provides a resonant inductive coupling effect, resulting in a wireless local

signal amplification of the B field.

However, installing an RF receiver coil of the MRI to the catheter still faces some unsolved

issues concerning patient safety and catheter visualization, which has prevented this tech-

This chapter’s text and figures were reproduced and adapted with permission from the author’s published
works [ON3] (CC BY 4.0, 2020 IEEE) and [ON6] ( Copyright © 2019, IEEE)
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5 State-of-the-art: interventional Magnetic Resonance Imaging (iMRI)

nology from finding widespread use. The excessive RF heating and high induced currents in
the micro-resonator during transmission of the RF field can harm the patient by dangerously
heating the surrounding tissues [164, 165] and may deliver an electric shock to the patient.
The implanted conductive coil and transmission line inside the human body acts as an elec-
tromagnetic antenna [166], which is sensitive to both electric and magnetic fields, although

the MRI detector should be sensitive only to the nuclear magnetic field.

5.1 Heating problem

Heating conductive electrodes or implants inside the human body during MRI procedures
may lead to immediate and severe damage to the surrounding tissues. When subjected to a
temperature above 44 °C, tissue injury will happen due to the disintegration of proteins. The
alternating Bj field is the electromagnetic field in MRI that contributes the most to the heating
of conductive implants. The B magnetic field generates an electric vortex field which induces
eddy currents inside the conductive parts. This eddy current leads to direct heating of the
conductive subject. The frequency-dependent skin effect defines the effective resistance, thus

the conductor’s thickness determines the heating generated by the eddy current.

When it comes to long conductive wires, the scattered electric field has a more significant im-
pact. The B fields induce surface currents into the conductive wire, resulting in a scattered
electric field. The magnitude of the scattered electric field is defined by the length of the con-
ductive wire, diameter, insulation material and thickness, and tip geometry [167]. The magni-
tude of the scattered electric field is magnified at the tip of the conductive wires, resulting in
the maximum harmful heating at the wire’s tip [167, 168]. This effect of the scattered electric
field becomes very obvious when the wire length (L) is in the range of the wavelength A of
the alternating B; field; Lyje = A /4,4 /2,A1,31/2,...etc. Park et al. [168] showed mathemati-
cally and experimentally that the resonant length (length at which maximum heating occurs)
of a bare wire in a 1.5T MRI scanner is 20 cm, while, for insulated wire, the resonant length
exceeds 40 cm. Konings et al. [165] tested different lengths of conductive wire with the same
configuration in a 1.5 T MRI scanner. The temperature rises from 37 °C to 72 °C by increasing

the wire length from 45 cm to 85 cm.

A conductive material in an MR environment absorbs a certain quantity of the transmission
power, leading to an increase in its temperature. The specific absorption rate (SAR) defines
the quantity of the absorbed power per mass. The SAR distribution can be derived from the
peak amplitude of the electric field (E) by [24]

olE!

SAR = ——— 5.1
2 (5.1

where o is the conductivity and p is the mass density. Equation 5.1 can be rewritten as a
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function of the parameters of the MR sequence (this simplified form is adapted from "From
picture to proton, ch. 20.2 [24]")

2.2 22
— M D, (5.2)
2

SAR
Where f is Larmor frequency which is in turn function in By, D is the duty cycle which is
the fraction of the total scan time with RF field operating, and r stands for the sample size.
The previous equation shows that SAR increases with the square of By and B magnetic fields.

Moreover, SAR increases linearly with the number of RF pulses per cycle (duty cycle).

5.2 Active MR-catheter markers

This section presents an overview of the state-of-the-art MR-catheters, focusing on the intro-
duced approaches for eliminating the long conductive transmission wires in MR-catheters to
avoid the heating hazard. Ladd and Quick [169] used RF coaxial chokes for reducing the RF
heating. An RF choke is a type of inductor that blocks high-frequency signals while it allows
only low frequency or DC signals to pass. Several techniques could be employed to imple-
ment the chokes in a transmission cable, including winding loops around the cable, which
add self-inductance to the system. Another possibility is adding discrete passive components
like capacitors into the cable. However, windings and discrete passive components add chal-
lenges for interventional catheters due to their geometry constraints. An alternative is using
a coaxial sleeve with a specific length (A /4). Several coaxial chokes can be added within the
transmission cable, where each choke participates in increasing the impedance and reducing
the amplitude of the RF standing wave. Figure 5.1d shows a schematic diagram of two coaxial
chokes in series integrated around the transmission line. In this design, a triaxial cable is used,
where the chock is prepared by soldering the secondary shield to the inner shield and then a
small segment of the secondary shield is removed after a length of A /4. The other end of the
secondary shield (chock) is left open. The coaxial chokes increase the impedance for the high-
frequency currents flowing through the outside shield layer of the coaxial cable, eliminating
unwanted currents. On the other hand, chokes do not affect the impedance within the con-
ductor layer for low-frequency currents. After integrating a choke in the cable, the spot of the
maximum electric field is shifted near to the choke, resulting in high impedance and reducing
the standing wave. Consequently, the change in temperature is spatially distributed based on
the chokes locations to avoid spots with high temperatures. In this approach, the catheter

needs to be well insulated as it can deliver electric shock at the open end of the chocks.

Weiss et al. [170] reduced the electrical length of the conductive transmission wire by inte-
grating miniaturized transformers within the wire, as shown in Fig. 5.1a. The conductive wire
was divided into small segments, and the signal transfer between the segment was done using

miniaturized transformers. The reduction of the conductive wire length restricts the induced
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electric field in the wire, thus reduces the generated heating. The miniaturized transformers
were single loop transformers fabricated on a multi-layer PCB with a 127 pm gap between the
two transformer coils. The results showed a reduction of the heat to a safe level. However, a

loss in the transmission signal occurs but still sufficient for the active marker tracking purpose.

Syms et al. [171,172] used thin-film magneto-inductive (MI) waveguides to transmit the signal
instead of conductive transmission wire. The used MI waveguide had a periodic array of low-
frequency resonators (LC circuits), as shown in Fig 5.1c. The LC circuits were structured on
both sides of a thin-film substrate alternately, fixed around the catheter tube by the mean of
heat-shrink tubing. The length of the elements was chosen to be short enough to protect the
catheter against the external alternating B1 field and the induced electric fields. The system
was developed to overcome the heat and orientation problems. The orientation problem is
the loss of coupling of the catheter receiver during its movement because of bending or axial
orientation.

Fandrey et al. [173] used laser light and optical fibers to transmit the MR signal instead of the
conductive wire to tackle the heating problem. However, the optical approach requires placing
bulky components on the catheter’s tip, which added another challenge to the iMRI system.
The system consists of a resonant receiver circuit for acquiring the MR signal, an optical mod-
ulator on the catheter’s tip, and the optical power supply. Figure 5.1b shows a schematic figure
for the optical system for MR-catheter. The received MR signal is fed directly to the optical
modulator that modulates the current via a laser diode. The power for the optical modulator on

the catheter’s tip is transmitted through another optical fibers. The fibers are located around

a) ’
/ 2 — e catheter  optical fibers ;
2 / N\ MR-Probe : : lases
transformers ; :
optical Lyl MR
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Figure 5.1: Examples of state-of-the-art signal transfer in MR-catheter. (a) Integrating miniaturized transformers
to divide the conductive transmission wire into small segments, reprinted from [170] with permission of John
Wiley & Sons, Inc. (Copyright © 2005 Wiley-Liss, Inc.). (b) Employing an optical system to transmit the MR signal
instead of using conductive wire, reprinted from [173] with permission of John Wiley & Sons, Inc. (Copyright
© 2011 Wiley-Liss, Inc.). (c) Utilizing thin-film magneto-inductive (MI) waveguides to transmit the MR signal,
reprinted from [172] with permission of IEEE (Copyright © 2013 IEEE). (d) Using RF coaxial chokes to block the
high-frequency currents, reprinted from [169] with permission of John Wiley & Sons, Inc. (Copyright © 2000 Wiley-
Liss, Inc.).
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the catheter tube. The resonator is passively decoupled using a pair of diodes on the catheter’s
tip. This technique ensured reliable tracking of the tip of the catheter and high contrast visu-
alization. However, the optical method adds handling difficulties because of the mechanical
connection between the scanner and the catheter using the optical fiber, where fibers manip-
ulation, bending, or rotation should be avoided. Sarioglu et al. [174] tackled the drawback of
the bulky components of the optical system by integrating metal-oxide-semiconductor photo-
voltaics. In addition, the interface circuit between the optical and electronic components was
developed as an off-chip MEMS-based resonator array to reduce power consumption. A pho-
tovoltaics circuit as a power supply unit is also integrated to convert the input optical power
to drive the CMOS chip. The CMOS chip is responsible for detecting the input signals then

creates a PWM electrical current.

5.2.1 Inductive coupling

An alternative approach for tracking the catheter is to wirelessly couple the resonator on
the catheter’s tip through inductive coupling to an RF surface coil outside the patient [175-
179]. The surface coil is conventionally connected to the MRI scanner through a matching
and tuning circuit, as shown in Fig. 5.2. A wireless coupling is implemented between the
catheter’s resonator and the surface coil to avoid any long conductive cables inside the magnet
to overcome the heating problem. Tracking the catheter using inductive coupling has proven

to be reliable, delivering high contrast visualization.

The micro-resonator on the catheter’s tip is tuned to the Larmor frequency, so the exciting

Surface Coil

/{A{“&@ uResonator

Figure 5.2: interventional Magnetic Resonance Imaging (iMRI) through inductive coupling for safe minimally
invasive medical operation.
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magnetic field results in high induced current into the micro-resonator. This current gener-
ates a local magnetic field whose flux depends on the coil geometry. The local magnetic field
amplifies the MR signal and enhances the tracking image where the micro-coil is shown as
a bright spot in the MR image. Consequently, the heat problem of the long wire connection
between the catheter and the scanner is eliminated. The only source of heat is the induced

current in the resonator.

Multiple surface coils (coils array) can enhance the acquired MR image, which can be post-
processed using image processing techniques. The magnetic B fields of the catheter’s coil and
the surface coil should be aligned for maximum coupling. Otherwise, the coupling decreases
as the angle between the Bj field increases, resulting in losing visibility in orthogonal B fields.
Recently, various micro-coil geometries have been adapted as a catheter’s micro-resonator, in-
cluding a surface loop coil, flat spiral coils, two opposing solenoids, a double helical inductors,
and a surface loop coil. Figure 5.3 shows an overview of the previously implemented coils for
MR-catheter. All proposed designs have fixed capacitance except for the design introduced by
Ellersiek et al. [177], where a flexible resonant circuit was developed and fabricated, including
a flat spiral coil and tunable capacitor. The tunable capacitor consists of a main capacitor and
detachable capacitors. Calibration is performed manually by cutting parts of the detachable
capacitor using a scalpel. After calibration, the resonant circuit is coated by a bio-compatible

layer of Parylene-C then attached to the catheter.

5.2.2 Marker designs

The developed markers (resonators) for the iMRI application should feature several functional-
ities, including bio-compatibility, sterilization, reliability and validity for tracking, and patient
safety. The MRI active marker should be tuned at Larmor frequency [180]. Then during the
RF excitation phase, the nuclear spins deflect from their equilibrium position with a flip angle
proportional to the alternating magnetic field B;. The MRI marker (resonant circuit on the
catheter’s tip) is coupled with the transmit coil, and RF current is induced through the micro-
resonator coil. This current generates a magnetic field around the micro-coil that enhances

the nuclear spins, enhancing the local magnetic field and the flip angle.

The MRI marker design is influenced by the main By field orientation and amplitude which
defines the Larmor frequency and the required orientation of the resonator’s B; field; By and
B fields should be perpendicular. Different shapes of resonant MRI markers are shown in
Fig 5.4. For example, in the case of closed MR scanners, the By field is parallel to the interven-
tional instrument, so the saddle, spiral, and single loop coils are preferred. On the other hand,
for open MR scanners, cylindrical loops are preferred as the By field is perpendicular to the

interventional instrument.

Additionally, for each application, the orientation, geometries, surface material, and stiffness
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Figure 5.3: Examples of state-of-the-art MR-catheter using wireless inductive coupling. (a) A planar rectangular
spiral coil attached to a tuning non-magnetic SMD capacitor fixed around the catheter using medical-grade heat-
shrink tubing, reprinted from [179] with permission of Elsevier (Copyright © 2014 Elsevier Inc.). (b) A single loop
coil attached to the tuning capacitor is placed around the catheter and coupled to the RF surface coil, reprinted
from [178] with permission of John Wiley & Sons, Inc. (Copyright © 2005 Wiley-Liss, Inc.). (c) A spiral square
coil with the capacitor fabricated on thin-film polymer and rolled around the catheter (the 2D structure of the
resonator is shown in Fig. 5.5a), reprinted from [177] with permission of Elsevier (Copyright © 2009 Elsevier B.V.).
(d) Two perpendicularly oriented saddle coils were deposited on a polyimide film and rolled around the catheter,
reprinted with permission from [ON3] (CC BY 4.0, 2020 IEEE). (e) A double helix inductor on a polymer catheter
achieved using aerosol jet deposition. reprinted from [175] with permission of IEEE (Copyright © 2019 IEEE). (f)
Two separate resonators rolled at a 45° angle with the catheter’s axis to decouple them. The resonator can be
positioned either adjacent or on top of each other, reprinted from [176] with permission of John Wiley & Sons, Inc.
(Copyright © 2003 Wiley-Liss, Inc.).

of the interventional instrument define the coil design, fabrication technology, and the re-
quired adhesion material. For example, for soft intervention into the body, on the one hand,
the catheter end should be soft to avoid damaging the blood vessels. On the other hand, it

a) Ay b) BIT <) BlT diL

Figure 5.4: Different shapes of resonant MRI markers used for MR-catheters [180]. (a) Cylindrical coil. (b) Single-
loop coil. (c) Spiral coil. (d) Saddle coil.
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should be stiff enough to support push ability. Hence, the size of the micro-coil is impor-
tant to support the catheter properties. Moreover, optimizing the coil’s geometry defines its

self-resonance frequency and quality factor.

The basic configuration of a resonant circuit consists of a coil and capacitor in parallel to tune
the resonance frequency (f = 1/+/LC). Using SMD capacitors is not preferred as they are bulky
and not bio-compatible. Other approaches have been to integrate the capacitor, including a
cylindrical or roll-up capacitor [177]. Multi-layer capacitors can also be fabricated along with
the coil to increase the capacitor aspect ratio to be suitable for integrating on an interventional
instrument [72], as shown in Fig. 5.5. Another good approach is using small capacitors with

detachable connections [177], allowing editable capacitance for fine-tuning purposes.

5.2.3 Marker fabrications

Different fabrication technologies have been considered for developing resonance markers
around the catheter tube, including wire-winding, thin-film technology, inkjet-printing, hot
embossing technology, and aerosol deposition process. Kaiser et al. have compared the differ-
ent fabrication technologies for iMRI in their review paper [180]. The wire-winding technol-
ogy is a simple 3D manufacture process where a wire is wound around a tube with the required
geometry then soldered to an SMD capacitor. However, the wire-winding process faces many
issues, including poor reproducibility, instrumentation diameter enlargement, restriction to

cylindrical coils, and good fixation techniques.

Thin-film technology includes the patterning of the target 2D structure of a conductive layer
on a carrier insulating film, then roll it around a tube to achieve the required 3D structure. This
technology includes micro-fabrication methods such as spin coating, photoresist patterning,
masked UV light exposure, etching, galvanization, and cleaning processes. On the one hand,
thin-film technology provides accurate structures, flexible substrate, and high reproducibility.

However, on the other hand, it is costly and requires expensive equipment.

The hot embossing fabrication process [181] is used to achieve a conducting structure onto
a thermoplastic instrument using negative embossing stamps under suitable temperature and

pressure. First, the stamp is pressed against a metallic foil that is mounted around the instru-

a) Coil Main capacitor b)
3 (g L

Flexible Kapton PCB

2mm Detachable capacitor.

Figure 5.5: Examples of state-of-the-art fabricated capacitors for MR-catheter. (a) A manually editable tuning
capacitor fabricated on a polymer substrate, reprinted from [177] with permission of Elsevier (Copyright © 2009
Elsevier B.V.). (b) A fabricated fixed multi-layer tuning capacitor, reprinted from [72] with permission of Elsevier
(Copyright © 2015 Elsevier B.V.).
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5.2 Active MR-catheter markers

ment. Then the stamp punches out the unneeded parts of the metallic foil, leaving behind the
required structure. This technique provides high reproducibility of mechanically stable struc-
tures with low cost. However, the base instruments should be made of thermoplastic, and 3D

structures can be challenging to be fabricated.

The aerosol-deposition [175] process is used to deposit catalytic nano ink to fabricate 3D struc-
tures directly on the instrument. This process can print conductive, insulating, and adhesive
layers. Aerosol Jet deposition technology can deposit structures independent of the base sub-
strate shape and material. However, the resulted structures have low mechanical stability, and

the process requires high-cost materials.
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atheters can be visualized in the MR environment during minimally invasive surgery by

locating a micro-resonator on the tip of the catheter. By tuning the resonator to the Lar-
mor frequency of abundant nuclei and exposing it to the RF magnetic field, its motion can be
tracked in real-time under direct image guidance. However, the conductive wires that connect
the resonator to the MRI spectrometer, for signal transfer, tuning and matching, is known to
cause dangerous tissue heating. A promising approach is to track the resonator wirelessly us-
ing a wired resonator outside of the body through inductive coupling. The matching and tun-
ing network is then connected to the external resonator. The inductive coupling approaches
face two challenges: i) during the RF excitation stage, a strong electric field is induced inside
the MR-catheter resonator, leading to dangerous heating. However, the resonator should be
sensitive only to the nuclear magnetic field during the receiving (sensing) stage. ii) As the
catheter axial orientation changes during motion, the coupling between the MR-detector and
the surface coil will be affected, which results in a difference in the catheter visibility. Visibil-
ity can be lost if the resonator and external coil fields By are orthogonal. In this contribution,
a novel wireless decoupling system is introduced where the resonance frequency of the res-
onator on the catheter tip can be tuned wirelessly. Consequently, the resonator’s resonance
frequency is controlled via a pulse sequence sent to an RF microelectronic system integrated
with the detector coil to couple it during the acquisition stage. Moreover, a novel detector de-
sign is proposed based on two perpendicular miniaturized saddle coils that maintain constant

coupling between the external coil and the MR-catheter detector at all axial orientations.

This chapter is divided into three main sections. The first section 6.1 explains the working
concept of the wireless decoupling system. The second section 6.2 presents the technical de-
tails of the different electronic building blocks of the system proposed for decoupling the MR-
catheter resonator wirelessly. Within this section, the fabrication and characterization of the
developed system are also discussed. The third section 6.3 presents a novel double saddle coil
for wireless tracking of the MR-catheter during interventions with orientation independence.
This section discusses the modeling and design of the proposed double detector. Moreover,
the performance of the detector is characterized using numerical simulations and confirmed

with experiments.

6.1 System description

Figure 6.1 demonstrates an overall schematic diagram of a minimally invasive medical op-

eration under iMRI through inductive coupling. It also shows a detailed illustration of the

This chapter’s text and figures were reproduced and adapted with permission from the author’s published
works [ON3] (CC BY 4.0, 2020 IEEE) and [ON6] ( Copyright © 2019, IEEE)
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Figure 6.1: Overall schematic diagram of a minimally invasive medical operation under iMRI through inductive
coupling with implementing wireless detuning system. [Bottom] The adapted MRI pulse sequence and RF con-
nections. [Top] A detailed illustration for the developed micro-electronic system. Two surface coils are used,
one coil to transmit and receive the MR signal and the other coil for transmitting a control signal. Two micro-
resonators are positioned on the catheter tip, one resonator for collecting the nuclear magnetic signal to be visu-
alized in the MR image. The other micro-resonator pickups the control signal to tune the first micro-resonator.

developed microelectronics system as well as the used MRI pulse sequence. The developed
system for tracking the catheter tip consists of four resonators; two relatively big surface coil
outside the body and two micro-resonators on the catheter tip inside the body. Each of the

four resonators has a specific functionality:

1. One of the two surface coils is tuned to the Larmor frequency and acts as the imaging
coil where it is fed with the MRI pulse sequence from the spectrometer. This surface
coil is used for generating the MR image and tracking the resonator on the catcher tip.
This coil is referred to as the "MRI surface coil".

2. The other surface coil is tuned to a resonance frequency below the Larmor frequency
(1-10MHz). This coil is connected to a function generator through a switch controlled
by a trigger pulse (TTL) generated by the MRI console’s TTL input/output (I/O) unit.
This surface coil is used for transmitting a control signal for tuning the detector on the

catheter tip. This coil is referred to as the "control signal transmitter".

3. One of the two resonators on the catheter tip is tuned to control signal’s frequency as
the control signal transmitter coil; thus, this resonator acts as a receiver for the control

signal. In addition, this resonator is connected to a half-wave rectifier to generate a DC
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signal fed to a variable capacitor (varicap) to control the tuning frequency of the other

MR-catheter resonator. This coil is referred to as the "control signal receiver".

4. The other micro-resonator on the catheter tip is tuned to a frequency close to the Lar-
mor frequency and is connected in parallel to the varicap. Hence, the DC control signal
fed to the varicap can tune it to the Larmor frequency to be visible in the MR image.
This coil is referred to as the "MR-catheter detector”.

Initially, the MR-catheter detector is not tuned to the Larmor frequency for considering fail-
safe condition; therefore, no electric field is generated during the excitation phase, preventing
the heating hazard. Then during the relaxation stage, a TTL pulse is sent by the MRI console,
which switches on the control signal transmitter coil to transmit the control signal. Conse-
quently, the control signal is picked up by the control signal receiver on the catheter tip. A
half-wave rectifier generates a DC signal from the received control signal, which is then fed to
a varicap to tune the MR-catheter detector to the Larmor frequency. Hence the MR-catheter
detector becomes sensitive only to the nuclear magnetic field and could be visually detected

in the MR image with eliminating the heating effect.

6.2 Wireless decoupling system

Figure 6.2 presents an equivalent schematic circuit of the developed wireless decoupling sys-
tem. Three electric circuits represent the whole MR-catheter tracking system with the inte-

grated wireless decoupling feature:

1. The equivalent circuit of the MRI surface coil (Ls; ), as shown in Fig. 6.2 (shaded in blue).
The coil is connected to the MRI scanner through the matching and tuning network
(Cwmi and Cry). For connecting the coil to the MRI scanner, its impedance should match

the transmitting cable impedance (50 2). Hence Cr; is used to tune the surface coil

Cy1 C, D, Ciz
[)fad |1 [}l
Al A Al
Lsi Lc Lo [
Cry D, r Cr
MRI 4z = 16 .4 A
scanner 7‘— 2 S —_— 71_
Function
generator]
>
MR pulse v M = TTL Pulse ™
Tunable Half-wave =
MRI TESEREID? rectifier Control signal
surface resonator MR-catheter system transmitting resonator

Figure 6.2: Equivalent schematic circuit of the wireless decoupling system for safe MR-catheter tracking. The
equivalent circuits of MRI surface coil resonator [Blue], control signal transmitting resonator [Green], and wire-
less tunable detector on the catheter tip [Red].
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(fzs, = 1/+/Ls1Cr1) and set the impedance real part to 50 Q, while Cy; eliminates the
residual imaginary part.

2. The equivalent circuit of the control signal transmitting coil (Ls;), as shown in Fig. 6.2
(shaded in green). The coil is connected to a function generator through the matching
and tuning network (Cyz and Crtz). The circuit possesses a switch (solid-state relay)

controlled via the TTL pulse sent by the MRI console during the acquisition state.

3. The equivalent circuit of the wireless tunable detector on the catheter tip, as shown
in Fig. 6.2 (shaded in red). The micro-resonator (Lcz) is tuned using D, and C; to the

control signal’s frequency to pick it up;

feontrol = Frg, = 1/\/LsoCra = Fi, = 1/7/Lca(D2C2 /Dy + Cy). (6.1)

The micro-resonator (Lc) is tuned using D, and C; to a frequency close to the Larmor
frequency to be coupled to the MRI surface coil during the acquisition stage to appear

in the MR image;

Srarmor = Frg, = 1/\/LsiCr1 = Fi o, = 1/7/Lc1(D1C1 /D1 +Cy). (6.2)

The D, and C; configuration create a half-wave rectifier. Hence it generates a DC
signal from the received control signal, which in turn is fed to D; (varicap) to change
the resonance frequency of the MR detector (Lc;). The resistance (r3) is added to the
ground line to isolate the electric fields of the two micro-resonators so that they do not
interfere, i.e., ry should be in the MQ range. The resistance (r;) is added in parallel to
D,, so once the control signal is switched off, D, can dissipate the provided dc signal
to the ground line and returns to its initial. The value of r; should be high enough to
force the DC control signal to pass through D, during the tuning phase; i.e., r; should
be in the MQ range.

6.2.1 Fabrication of the wireless decoupling device

The whole microelectronics circuit on the catheter tip was fabricated using the thin-film fab-
rication processes described in Chapters 3 and 4. The dimensions of the fabricated device with
its electronic components are defined mainly by the operating frequencies of the MR signal
and control signal. The MR signal frequency is determined by the Larmor frequency. On the
other hand, the control signal frequency could be adjusted to satisfy the fit to the applica-
tion. The control signal should operate at a frequency away from the Larmor frequency to not
interfere with the MR signal. Hence, in principle, the control signal could operate above or
below the Larmor frequency. Operating above Larmor frequency provides the advantage of

a low tuning capacitor (smaller dimension), but rectifying thin-film diodes are limited to low
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frequency. On the other hand, operating below Larmor frequency, the signal could be recti-
fied using a thin-film diode, but the coil requires high capacitance for tuning. Therefore, an
operating frequency of 20 MHz was chosen for the control signal to be rectified using a thin-
film diode. In addition, the resonance frequency of the Lc; resonator is reduced to 20 MHz
by increasing the coils’ inductance (increase outer dimensions and the number of turns), as
shown in Fig. 6.3a. For both resonators (MR-catheter detector and control signal receiver), a
spiral surface coil was used. Table 6.1 summarizes the dimensions of both resonators with the

experimentally measured inductance.

Based on the inductance of both resonators, the required capacitance was calculated to tune
the resonator for the intended frequencies. The MR-catheter detector L¢; was designed to have
a resonance frequency of 60 MHz (18 MHz above the Larmor frequency in a 1 T MRI scanner).
Hence, considering the capacitance of D; of 62 pF, C; was designed (by setting the capacitor
area and selected insulating material) to have a capacitance of 196 pF. The control signal
resonator Lcy, was designed to have a resonance frequency of 20 MHz (more than 20 MHz
away from Larmor frequency in a 1 T MRI scanner). Hence, the capacitance of C; and D, was
designed to be 379 pF and 389 pF, respectively. Table 6.1 summarizes the designed dimensions
and the expected values of the fabricated capacitors and diode.

The capacitors C; and C; were fabricated using the thin-film technology developed in Sec-
tion 3.2, where an insulating film is inkjet-printed between two conductive layers. The rec-
tifying diode D, was fabricated using the technology developed in Section 3.3, where a p-
type semiconductor is spin-coated between two conductive sheets having different work-
ing functions (WF). The resistors ry and r, were fabricated by drop-casting of the conduc-
tive polymer PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), Sigma-
Aldrich) between two discontinuous conductive traces. PEDOT:PSS polymer was employed to
build the resistors as it possesses higher resistivity than most other inorganic material, result-

ing in the required MQ resistance. Moreover, it can be processed in solution with stability in
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Figure 6.3: Schematic illustration of the designed electronic device for controlling the MR-catheter resonance
frequency wirelessly. (a) Top view of the device with the bottom copper layer and top silver layer. (b) Isometric
views of the capacitor, resistor, and diode.
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Table 6.1: The geometrical dimensions and value of each electronic component included in the micro MR-catheter
device.

Parameter ‘ Geometrical dimensions ‘ Value

MR-catheter detector (Lcy) | L= 8.2 mm, W= 3.6 mm, Wi, =150 um, n=5 | 146 nH?
Capacitor (C;) L=3mm, W=2mm, &= 7, d= 1.9 um 196 pF?
Control Signal RX (Lcz) L=12.45mm, W= 5mm, Wi;,=150 um, n= 8 | 362 nH?
Capacitor (Cy) L= 5mm, W= 1.2 mm, &= 20, d= 2.8 um 379 pFP
Capacitor (Dy) L= 3 mm, W= 2mm, &= 3, d= 0.41 um 389 pFP

2 Measured experimentally using sniffer coil and network analyzer.
b Calculated according to: Capacitance = €y€,A/d.

the ambient atmosphere. For the varicap Dy, a discrete component was used (BB640E6327HTSA1,
Infineon). However, fabricating a varicap using thin-film technology is under investigation in

our group.

6.2.2 Experimental result of the wireless decoupling system

First, the bottom layer was inkjet-printed using silver ink on a 25 um Kapton film. The bottom
layer contains the two resonators (L¢; and Lcz), the bottom layer of the capacitors (C; and Cy)
and diode Dy, and discontinuous lines for building the resistors (r; and rz). The bottom layer
was then electroplated with a 10 pum copper layer, as shown in Fig. 6.4a. The copper layer
is required to reduce the RF resistance and provide a low WF material for the diode. Next,
on top of the C; pad, an insulating layer is printed using BCB/TiO; composite ink (20wt.%,
& = 7) developed in Section 3.2. This ink was selected as C; has a relatively low capacitance
(=~ 196 pF). On the other hand, for Cy, the composite ink BCB/TiO; (40wt.%, € = 20) was used
as it has relatively high capacitance (=~ 379 pF). Then, on top of the diode D; pad, a layer of the
PTAA semiconductor was spin-coated (measured thickness= 410 nm, & = 3). Consequently,
on top of the insulating and semiconductor layers, a silver layer was inkjet-printed. Then, the
resistors were achieved by drop-casting of the PEDOT:PSS polymer. Figure 6.4b presents the

a) Bottom layer

b) Full device

MR detector rpandr, Control signal receiver
Figure 6.4: Fabricated device for wirelessly tuning the MR-catheter detector resonance frequency. (a) Bottom
layer achieved by silver inkjet-printing and copper electroplating. (b) Full device after depositing capacitors

insulator, diode semiconductor, top silver layer, and resistors conductive polymer.
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final device before rolling around the catheter tube. Finally, the device was rolled around an
8 fr catheter tube.

The measured tuning frequency of the MR-catheter resonator and control signal receiver res-
onator were 56.5 MHz and 23 MHz. Figure 6.5 presents an experimental setup to verify the
functionality of the fabricated device for wireless tuning. First, a macro resonator (mimic Ls;
in Fig. 6.2) tuned to 23 MHz and connected to a function generator placed 1 cm away from
the control signal receiver coil Lc;. Moreover, a sniffer coil was positioned facing the MR-
catheter detector Lc; and connected to a network analyzer (Agilent E5071C) for measuring
the detector resonance frequency. The sniffer coil enables detecting the resonance frequency
of a resonator without any direct wire connections [182, 183]; a description of the sniffer is

attached in appendix C.

The plot in Fig. 6.5 shows the measured reflection coefficient (S1;) of the sniffer coil. Each peak
represents the resonance frequency of the MR-catheter detector at different voltage levels sup-
plied to the control signal transmitter coil via the function generator. Thus, the developed sys-
tem successfully tuned the resonance frequency of the MR-detector wirelessly, which proves
that it can decouple the resonator inside the patient wirelessly. The resonance frequency could
be tuned within a 15 MHz range equivalent to a 7 V range of the control signal amplitude. In-
creasing the control signal amplitude over 7 V did not further change the resonance frequency,
indicating that the varicap reached its limit. It was observed that as the amplitude of the con-
trol signal increases, the resonance frequency decreases, which indicates that the varicap Dy
capacitance increases with the control signal. The increase in the varicap capacitance implies
that it is supplied with a negative voltage. This is because the D, configuration (silver-PTAA-

copper) cuts the positive part of the control signal and rectifies the negative part of the signal.
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Figure 6.5: Experimental results of tuning the MR-catheter detector wirelessly. (a) Reflection coefficient of the
sniffer coil, where each peak represents the MR-catheter detector resonance frequency at different amplitudes of
the control signal. (b) Photo for the testing setup.
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Nevertheless, if it is required that the resonance frequency increase with the control signal,
the diode configuration could also be inverted (copper-PTAA-silver). However, this was done
to simplify the fabrication process; otherwise, more than two printed conductive layers will

be required. Moreover, the working principle of the system is still valid.

The introduced fabrication process’s overall yield is relatively low, out of a batch of 20 de-
vices, only four of them work as expected. This is due to the complexity of the device and
the involvement of several materials (conductor, semiconductor, insulator) in the fabrication
process. The main problem with inkjet-printing that each device is fabricated separately, and
the operators skills significantly affect the result. Hence, one solution would be utilizing a
different process compatible with mass production where the operators skill is marginalized,

such as screen printing or roll-to-roll processes.

6.3 Double-saddle micro-resonator

In the introduced system, the catheter tip is being tracked inside the patient by wirelessly
coupling a micro-resonator on the catheter tip with an outside surface coil through inductive
coupling. The surface coil in this system is connected to the MRI scanner through a matching
and tuning network. The maximum coupling between the micro-resonator and the surface
coil occurs when their B; magnetic fields are aligned. At this arrangement, with both B fields
aligned, the maximum visibility of the catheter tip in the MRI scanner is achieved. However, as
the catheter axial orientation changes during the medical operation, the resonator’s visibility
varies and can be lost when the B fields of the catheter micro-resonator and the surface coil
are approximately orthogonal [176,178]. Additionally, as the magnetic coupling changes with

the catheter motion and orientation, the entire system demands to be re-matched and tuned.

In the following subsections, the design and fabrication of a micro-resonator based on a double
saddle coil is proposed. The developed micro resonator maintains almost constant maximum
coupling between the B; fields of the micro-resonator on the catheter tip and the external

surface coil throughout the entire range of axial orientations.

6.3.1 Modeling and simulation of inductive coupling for iMRI

An RF resonator mainly consists of an inductor connected in parallel to a capacitor. For a
lumped-parameter RF resonator, the angular resonance frequency @y depends on its capaci-
tance C and inductance L and is given by @y = 1/+/LC. When the coils of two RF resonators
are in close proximity to each other, where the magnetic field generated by one coil cuts the
loops of the other coil, they turn to be inductively coupled and share a mutual inductance M5,
as shown in Fig. 6.6. Depending on the coupling strength, the resonance frequency of each of

the two inductively coupled resonators is shifted away from its initial value. If both of the RF
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resonators are tuned to the same initial resonance frequency (wy = @y = ®yy), then coupling
will split this frequency, resulting in two frequencies shifted @ to the left and right of the
initial value,

012 = B (6.3)

VIEK’

where K is the inductive coupling coefficient, which depends on the mutual inductance be-
tween the two coils and is given by K = Mj2//L1L,. Applying voltage to one of the two
inductively coupled resonators (Vs) induces a voltage in the other resonator (Vour), as shown

in Fig.6.6: )
ZpjoOM12

Vou = Vsoot 2
Out SZLZZ+ (jlez)za

(6-4)

where Z; and Z, are the impedance of the two resonators. Equations 6.3 and 6.4 are driven
in appendix C. Agilent’s advanced design system (ADS) software was used to simulate the
frequency splitting for a pair of inductively couple RF resonators. The two simulated res-
onators were identical (R= 1, L= 50 nH, C= 125 pF) with an angular resonance frequency of
@y = 63.6MHz, a photo of the ADS simulation environment is attached in appendix C. The
voltage supplied to one of the two resonators was set to unity, and the coupling coefficient
(K) was swept. Figure 6.7b shows a comparison between the simulation results and the math-
ematical model. Figure 6.3b illustrates the shape of the induced voltage in the other resonator
at different coupling confidence using Equation 6.4. The figure shows the induced voltage

reduction as the coupling decreases.

Tracking catheter using a single coil is not reliable due to the impact of the catheter axial
orientation on the catheter visibility. The coupling coefficient changes as the catheter’s axial
orientation varies with respect to the static surface receiver coil during interventions. Hence,
the entire system needs to be re-tuned and matched with the catheter motion and orientation.
Moreover, the visibility can be lost if the B fields of the catheter-detector and surface coil
become orthogonal. Therefore, a novel micro-detector is introduced based on two orthogonal
saddle coils, as shown in Fig. 6.8a. The proposed detector maintains near-constant coupling

with the surface coil under the entire range of the catheter axial orientations. The two saddle
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Figure 6.6: Equivalent schematic circuit of two inductively coupled RF resonators.
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Figure 6.7: Resonance frequency splitting due to inductive coupling. (a) Degree of the resonance frequency
splitting versus coupling coefficient (K), comparing the mathematical model is compared to the ADS simulation.
(b) The induced output voltage at different K, labeled in the figure.

coils are arranged to have their B; fields orthogonal, which effectively decouples them. The
two coils are connected in series and tuned by a single capacitor to the Larmor frequency, as

illustrates in the equivalent schematic circuit in Fig 6.8b.

The finite element analysis software COMSOL multiphysics was used to gain insight into the
B field distribution generated by micro-detector in the space around the catheter. Addition-
ally, the simulation was utilized to evaluate the angular dependence of the coupling between

the micro detector and the surface coil. Two simulation scenarios were considered:

1. Inthe first simulation model, a micro-saddle detector was excited using a 50 Q port, and
the magnetic flux density was plotted around the detector. Two micro-detector designs
were simulated based on single and double saddle coil. In each case, the perimeter gap
(see Fig. 6.8 for description) between the saddle’s two square loops was swept to achieve

the best magnetic field distribution.
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Figure 6.8: Double saddle coil for MR-catheter tracking through inductive coupling. (a) CAD-drawing illustrating
the design of the double saddle coil. (b) Equivalent schematic circuit for a tuned double saddle detector inductively
coupled to a surface pickup coil.
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2. In the second simulation model, the excitation port was connected to a stationary sur-
face coil, and the micro-detector was connected to a port for measuring the induced
voltage, as shown in Fig. 6.10. Single and double saddle micro-detectors were consid-
ered, and in each case, the three possible relative orientations between the surface coil

and the micro-detector (roll, pitch, and yaw) were swept from 0° to 360°.

The COMSOL radio frequency module was used for both simulation models, and simulations
were run at a 63 MHz excitation frequency. As part of the simulation environment, the micro-
detector was positioned inside a box-shaped domain to represent the surrounding sample (wa-
ter), which was then located inside a bigger box-shaped domain to mimic the ambient air. A
radiation boundary condition was employed to act as an absorbing layer to prevent back-
scattering. The free tetrahedral mesh was refined to resolve the modeled structures correctly,

as shown in Fig. 6.10a.

Figure 6.9 summarizes the results of the first simulation scenario. The results revealed that the
micro-detector with a double-saddle provides more magnetic flux sources around the detector
than the single-saddle detector. The distribution of the generated magnetic field around the
detector can be manipulated by varying the perimeter gap between the saddle coil’s two square

loops. By setting the detector dimensions to the values listed in Table. 6.2 and sweeping the

Single saddle

(*n*e) Ajisuap xnyj onaubepy

Iy

Double saddle

Gap = 350 um 450 pm 550 pm

Figure 6.9: The simulated magnetic field generated the micro-saddle detectors excited at 63 MHz. The top row
demonstrates the magnetic field distribution generated by a single saddle coil, while the bottom row presents
the magnetic field generated by a double saddle detector. For each case, the magnetic field direction is presented
at two different cross-section views, one perpendicular to the coil’s axis (XY-plane) and the other along its axis
(XZ-plane). In addition, the magnetic field direction is plotted at different perimeter gaps to deduce the change
in the magnetic field distribution with the gap.
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Figure 6.10: Simulation results of the voltage induced in a catheter micro-saddle coil due to inductive coupling
with a surface coil at different relative orientations. (a) The simulation model of a micro-saddle coil positioned
within a stationary single loop surface coil. The diagram illustrates the refined tetrahedral mesh applied for the
numerical model. The plots illustrate the voltage induced in the micro-saddle coil caused by the surface coil
as a function of the three orthogonal relative rotations: (b) Relative axial orientation of between the saddle and
surface coil (saddle rotation around the Z-axis), (c) Alignment of the axes of micro-saddle and surface coil (saddle
rotation around the X-axis), and (d) Rotation of the saddle coil in the plane of the surface coil ( saddle rotation
around Y-axis).

gap, it was found that the best homogeneity for the magnetic field was obtained at a gap of

450 um. Hence, a gap value of 450 pm was used for further simulations and fabrication.

Figure 6.10b-d summarize the results of the second simulation scenario. The variation in the
induced voltage in the micro detector with the change in the relative axial orientation is shown
in Fig. 6.10b. In the case of a single saddle coil, the coupling between the micro-coil and the
surface coil was maximum when their B) fields were aligned, and as the relative angle between

the B fields increases, the coupling decreases. Accordingly, no coupling was observed (i.e., no
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Table 6.2: Geometrical dimensions of the double saddle coil used for MR-catheter tracking.

Parameter ‘ value
Coil length (L + Ly) 8 mm
Detection region length (Ly) | 5mm
Coil width (W¢,i;) 5mm
Gap 450 um
Track width (W) 200 pm

voltage induced in the micro-coil) when an orthogonal position was taken. On the other hand,
for a double saddle coil, the coupling remained constant over the entire range of relative axial
orientations, with values alternating above the single saddle coil’s maximum value. This is
because the total coupling of the whole double saddle detector is the summation of the coupling
of each of the single saddle coils within the double saddle detector with the surface coil. Thus,
a coupling reduction of a single saddle element is accompanied by a coupling increase in the
other saddle element. The variation in the induced voltage in the micro detector with the
change in the relative angle between coil axes shown in Fig. 6.10c. For both double and single
saddles, the maximum coupling occurs when the surface coil axis and the saddle coil axis are
orthogonal, and minimum coupling occurs when the two axes coincided. The change in the
coupling as the micro detector orient in the 2D plane is shown in Fig. 6.10d. The orientation

of the micro-detector in the 2D plane does not affect the coupling.

During invasive medical procedures using MR catheter, it is expected that the catheter is inten-
sively subjected to rotations along its axis and turns in the surface coil’s plane (along the length
of a laying body, and across its width). On the other hand, the angle between the micro-coils
and the surface coil axes rarely varies with wide angles (into the depth of the body). There-
fore, the proposed micro-double saddle coil is considered to be a highly suitable detector for

the MR-catheter application.

6.3.2 Fabrication of the double saddle resonator

Building a micro-double saddle detector around a slender catheter tube is challenging as it
demands a micro-fabrication process for creating multi-layer structures in the 3D. The fab-
rication is done by 2D patterning of conductive layers separated by a thin flexible polymer
film. Then the polymer film with the conductive layers is rolled around the catheter tube to
achieve the 3D structure. The conductive layers 2D patterning has been performed utilizing
two different techniques: inkjet-printing and photolithography process. Direct inkjet-printing
onto an unstructured substrate is an efficient and fast prototyping process but has a low res-
olution (above 50 um). On the other hand, the photolithography process required expensive

instrumentation but offers a high resolution and suitable for mass production.
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Photolithography process

Fabricating the double saddle coil using the photolithography process was conducted in three
main steps, as explained in Fig. 6.11a. The first step was done by chemical wet etching to
pattern the bottom saddle coil on a 25 pm Kapton film (Fig. 6.11a(i)). Subsequently, the second
step was done by structuring a liquid photosensitive polyimide on top of the bottom saddle
to create the separation layer, including via that connects the top and bottom metal layers
(Fig. 6.11a(ii)). Lastly, the third step was done by lift-off process to deposit the top saddle coil
on top of the separation layer (Fig. 6.11a(iii)). The three performed processes (wet etching,
photosensitive polyimide, and lift-off) are explained in detail in the photolithography Subsec-

tion 3.1.1 in the micro-fabrication Chapter 3.
Inkjet-printing process

The inkjet-printing of silver metal onto unstructured Kapton film is explained in detail in
the inkjet-printing Subsection 3.1.2 in the micro-fabrication Chapter 3. Kapton film with a
thickness of 25 pm was used. Printing of the double saddle was done in two steps, as shown in
Fig.6.11b. The first silver layer was printed, then the Kapton substrate dried at 90 °C for 15 min
using a hot plate. Subsequently, the Kapton substrate was flipped over, and after printing the
second layer, it was dried again at 90 °C for 15 min. Lastly, the device was sintered in an oven
at 150°C for 1 h.

The thicknesses of the conductive layers deposited using either inkjet-printing or lift-off pro-
cess are within a few hundreds of nm. However, for RF applications, a minimum thickness of
the conductive track is required according to the operating frequency to provide low RF resis-
tance. Therefore, the thickness of the tracks was increased by electroplating to ~ 10 um using
the home-built electroplating setup discussed in Subsection 4.3.3 in the electroplating Chap-
ter 4. Finally, the Kapton film with the double saddle coil was rolled around a 5 fr catheter tube.
Figure 6.12 shows microscopic images of the 2D patterned micro double-saddle coil achieved

by the photolithography process and inkjet printing.
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Figure 6.11: Schematic illustration of the two micro-fabrication techniques used for developing a micro-double
saddle coil. (a) Photolithography process consists of three main fabrication steps: (1) Wet etching for patterning
the bottom saddle coil, (2) Structuring photosensitive liquid polyimide for creating a separation layer possessing
via, and (3) Lift-off process for depositing the top saddle coil. (b) Inkjet-printing of silver ink on both sides of a
Kapton film.
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6.3.3 Experimental results of the double saddle resonator

The enhancement in MR-catheter tracking provided by the proposed micro-double saddle coil
was verified by conducting two experiments. The first experiment was done to characterize
the inductive coupling between the micro-saddle coil and the surface coil at various relative
axial orientations. The second experiment was done to map the B field of the micro-saddle

coil within an MRI scanner.

An experimental setup was created from laser-cut PMMA sheets to characterize the induc-
tive transmission coefficient between a micro-detector immobilized on a catheter tip and a
primary stationary surface resonator, as demonstrated in Fig. 6.13. The primary surface coil
(radius = 2cm) was connected to a network analyzer through a matching and tuning net-
work ((Lcoir || Cu) — Cr) containing variable capacitors. The catheter tip with the micro-
detector was adjusted to face the center of the primary surface coil at a distance of 2cm. The
catheter axial orientation was actuated utilizing a stepper motor actuator (step motor 28byj-
48) controlled using a microcontroller (Arduino-Uno board) through a motor driver board
(ULN2003APG).

The experiment was carried out twice, the first run with a single saddle coil and subsequently
the second run with a double saddle coil. The primary stationary surface coil was tuned to
63 MHz resonance frequency and matched to 50 Q. The single saddle coil had a measured
inductance of 16 nH and was tuned to a resonance frequency of 63 MHz by a 390 pF capacitor
(SMD capacitor 0402). In contrast, the double saddle coil (two single coils connected in series,
Laouble = 2 X Lyingle) Was tuned to the same resonance frequency by a 190 pF capacitor. The
capacitance required for tuning the double saddle is almost half of the capacitance used for
tuning the single saddle; this is because the double coil’s inductance is twice that of the single
coil (f = 1/+/LC). The primary coil’s reflection coefficient (S;;) was recorded at different
relative axial orientations (swept from 0° to 90° with a step of 10°) with the micro-detector
immobilized on the catheter tip. The relative axial orientation range from 0° to 90° was enough

to fully characterize the coupling coefficient due to the symmetric structure of the saddle coils.

Figure 6.14 presents the experimental results of the inductive coupling characterization. The

Figure 6.12: Microscope images of the 2D patterned micro-double saddle coil. The coils are fabricated by (a)
Photolithography process and (b) Inkjet-printing.
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Figure 6.13: Experimental setup used to characterize the inductive coupling strength between a stationary scale
primary coil and a rotatable micro-detector.

practical results match the COMSOL simulation results in Fig. 6.10b; The coupling between
the primary surface coil and the single saddle coil decreases as the relative angle between
their magnetic B fields increases. Furthermore, when the B fields were nearly orthogonal,
the reflection coefficient curve showed no splitting in the resonance frequency, confirming
that no inductive coupling occurred (Fig. 6.14b). In contrast, for the double saddle coil, the
inductive coupling between the surface resonator and the micro-detector was maintained at a

near-constant profile for the entire range of the relative axial orientations (Fig. 6.14a).

The magnetic B; fields of the micro-saddle coils were mapped utilizing a low field MRI scanner
(Bruker ICON, By = 1T). As revealed in Fig. 6.15a, the double saddle coil generated a homo-
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Figure 6.14: Measured reflection coefficient (Sq;) curves of a stationary primary resonator due to coupling with
micro-saddle detector. The S;; curves demonstrate the resonance frequency splitting of a stationary resonator
tuned at 63 MHz due to inductive coupling with (a) Micro-double saddle coil and (b) Micro-single saddle coil
both tuned at 63 MHz.
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geneously distributed magnetic field surrounding the catheter tube, confirming the simulated
magnetic field distribution in Fig. 6.9. The MR images had a slice thickness of 1.25 mm, a field
of view (FoV) of 20mm x 20 mm, with an imaging matrix size set as 128 x 128 using echo time

(TE) = 4.5 ms, repetition time (TR) = 278 ms, a flip angle of 40°, and using four averages.

Figure 6.15: Mapping the By fields of (a) A micro-double saddle coil and (b) A micro-single saddle coil ina 1T
MRI scanner.
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7 State-of-the-art: high throughput NMR

spectroscopy

MR spectroscopy is an information-rich analytical method utilized for characterizing

materials by determining and quantifying molecular structure. NMR is an attractive
screening tool as: i) it offers broad chemical coverage; ii) it is a non-destructive technique,
permitting further upstream analytics; and iii) it does not require significant sample prepa-
ration. The NMR technique measures the response of a sample’s spins to a polarizing static
magnetic field (Bp) and an excitation RF magnetic field (B}), which generates a small electrical
signal in an RF resonant detector. The polarizing By field is provided by an external magnet,
while the B; excitation field is commonly generated by the RF detector itself, as explained in
detail in Chapter 2.

A standing challenge facing the present NMR technique is that it is generally limited to single
sample measurements under low throughput conditions. Therefore, there is a disconnect be-
tween applications that require large parameter spaces screening and the opportunity to take
advantage of this information-rich method. By addressing the NMR throughput challenge, it
could lead to a significant push to diverse fields, including drug discovery screening, clinical

analysis, chemical process monitoring, bio-fluid metabolomics, and food analysis.

Consider the field of drug discovery as an example; NMR can resolve the binding of drugs
to pathogens and can be used for screening compound libraries to investigate the molecular
interactions with target proteins [15, 16]. Pharmaceutical companies have molecular libraries
containing millions of compounds, which is ever-increasing as new molecules are being syn-
thesized utilizing combinatorial methods. For example, Pfizer, Inc. maintains 4 million com-
pounds inside their molecular library that can be used for analyzing potential medicines, as
reported in 2017 [17]. Hence, the development of high throughput NMR methods is a must to

enhance the screening efficiency of these massive and ever-increasing molecular libraries.

7.1 High throughput NMR approaches

For the last decades, developing high throughput NMR techniques has been addressed exten-
sively with the goal to involve this powerful technique in screening these large compound
libraries. For a fully automated NMR measurement, several steps should be controlled [184].
The NMR spectroscopy process involves sample preparation, transferring the desired sample

into the magnet, adjusting the NMR instrument (tuning, matching, shimming), performing the

This chapter’s text was partially reproduced and adapted from the author’s publish