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Abstract

Switchable magnetic field gradient coils are a viable tool to modulate the nuclear
spin precession in pulsed nuclear magnetic resonance (NMR) spectroscopy and
imaging. Magnetic resonance imaging (MRI) of microscopic samples requires
strong, rapidly-switchable magnetic field gradients to suppress diffusion related
artefacts, to mitigate susceptibility effects, and to decrease the acquisition time.
Several techniques can be used to achieve a high gradient strength, such as
increasing the current strength or making the coil windings denser. Bringing the
gradient coils physically closer to the specimen is another practical approach.
As a consequence, heat dissipation caused by Joule heating becomes then a

critical issue.

In this work, a novel design of a magnetic field gradient chip is introduced,
and a micro fabrication process and a NMR based evaluation are proposed.
The gradient coils were developed at a high level of miniaturisation by apply-
ing enhanced and newly-established micro structuring technologies. First, a
fabrication technique to establish a micro radio frequency (RF) NMR coil was
proposed, which reduces the processing complexity by employing mask-less
lithography from the rear. This method was driven by nano-particle ink-jet
printing, where the printed tracks themselves act as the mask to define an
electroplating mould. Thus, the resulting sidewalls of the mould become self-
aligned by the printed seed layer. Anisotropic electroplating was then possible

to increase the electrical conductivity of the printed tracks.

The insights gained from the derived manufacturing techniques were applied to

develop an optimised coil design for a uni-axial and a tri-axial linear-gradient



Abstract

chip. The uni-axial linear z-gradient coil design was computed by a stream-
function method with the optimisation to exhibit minimum power dissipation.
The gradient coils were implemented on two bi-planes which were built-up with
Cu electroplating in combination with photo definable dry-film laminates. In the
presented fabrication process, the initial plating seed served for implementing
resistive temperature detectors. The coil design and the electroplating process
were tailored to enhance the electroplated height to construct low-resistive
coils. The consolidated chip structure incorporated an active cooling system to

equalise the heat-up of the coils for increased efficiency.

The heat-up was monitored through the combination of thermographic imaging
and integrated temperature sensors, in order to analyse the current rating of
the coil dual stack. The gradient coil was assembled with a RF micro coil in a
flip-chip configuration and the assembly was subjected to a one-dimensional
(1D) NMR experiment. Line-image profiles from a micro-engineered phantom
were recorded to examine the linearity of the resultant gradient field. A gradient

efficiency of 3.15 Tm~! A~! was achieved for a profiled length of 1.2 mm.



Zusammenfassung

Schaltbare magnetische Feldgradientspulen sind ein geeignetes Werkzeug fiir
die Modulation der Kernspinprazession in der gepulsten Kernspinresonanzspek-
troskopie und Bildgebung. Die Magnetresonanztomographie von mikroskopis-
chen Proben bendtigt starke, schnell schaltbare Magnetfeldgradienten, um diffu-
sionsbedingte Artefakte zu unterdriicken, Suszeptibilitatseffekte abzuschwachen
und um die Messzeit zu verkiirzen. Verschiedene Techniken kdnnen eingesetzt
werden, um eine hohe Gradientenintensitat zu erreichen, wie zum Beispiel
die Erhéhung der Stromstarke oder die Steigerung der Windungsdichte der
Feldspule. Ein weiterer, geeigneter technischer Ansatz besteht darin, die Gradi-
entenspulen ndher an der Probe zu platzieren. Als Konsequenz wird aber die
durch die Joule-Erwarmung verursachte Warmeentwicklung zu einem zentralen

Problem.

In dieser Arbeit wird ein neuartiges Design, ein Mikroherstellungsprozess und
eine Kernspin-Evaluierung eines Feldgradientenchips prasentiert. Die Gradien-
tenspulen wurden besonders hoch miniaturisiert und durch den Einsatz von
verbesserten und neuartigen Strukturierungsverfahren entwickelt. Zuerst wird
ein Fertigungsverfahren zur Herstellung einer kompakten Hochfrequenzspule
vorgestellt. Durch den Einsatz einer maskenlosen Riickseitenlithographie kon-
nte die Prozesskomplexitat reduziert werden. Dieses Verfahren wurde durch
Tintenstrahldruck mit Nanopartikeln realisiert, wobei die gedruckten Struk-
turen selbst als lithographische Maske fiir die Herstellung einer galvanischen
Form dienen. Somit werden die Seitenwande der galvanischen Form durch die

gedruckte Seed-Schicht optimal selbst ausgerichtet. Dies ermdglichte eine an-
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isotrope Galvanisierung, um eine hohere elektrische Leitfahigkeit der gedruckten

Leiterbahnen zu erzielen.

Aus den Erkenntnissen der ausgearbeiteten Herstellungsprozesse wurde ein
optimiertes Spulendesign fiir ein-axiale sowie drei-axiale linearen Gradien-
tenchips entwickelt. Die einachsige lineare z-Gradientenspule wurde mit der
Stream-Function-Methode berechnet, wobei die Optimierung darauf abges-
timmt wurde, eine minimale Verlustleistung zu erzielen. Die Gradientenspulen
wurden auf zwei Doppellagen implementiert, die mittels Cu-Galvanik in Kom-
bination mit fotodefinierbaren Trockenfilm-Laminaten aufgebracht wurden. Bei
dem hier vorgestellten Herstellungsverfahren diente die erste Metallisierung-
schicht gleichzeitig dazu, Widerstands-Temperaturdetektoren zu integrieren.
Um niederohmige Spulen zu realisieren wurde der Galvanisierungsprozess soweit
angepasst, um eine hohe Schichtdicke zu erzielen. Die Chipstruktur beinhaltet

ein aktives Kiihlsystem, um dem Aufheizen der Spulen entgegenzuwirken.

Thermographische Aufnahmen in Kombination mit den eingebetteten Tem-
peratursensoren ermdglichen es, die Erhitzung der Spule zu analysieren, um
die Strombelastbarkeit zu ermitteln. Die Gradientenspule wurde mit einer
Hochfrequenz-Mikrospule in einer Flip-Chip-Konfiguration zusammengebaut,
und mit diesem Aufbau wurde ein eindimensionales Kernspinexperiment durchge-
fiihrt. Es wurde eine Gradienteneffizienz von 3.15 Tm~! A~! bei einer Pro-
fillinge von 1.2 mm erreicht.
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1 Introduction

Over the last 60 years of scientific advancement, [ nuclear magnetic resonance
(NMR) spectroscopy has become an indispensable tool in analytical chemistry.
NMR makes it possible to study the magnetic properties of atoms, up to
complex molecules, which are inaccessible by any other current method.?
Magnetic resonance spectroscopy uses NMR as a quantitative measurement
tool to gain detailed molecular information and to examine dynamic processes.
The noninvasive measurement approach employs radio frequency (RF) waves
to excite internal magnetic fields around atomic nuclei, leading to chemical

shifts and a change in its resonance frequency.

Section 1.1 briefly explains the concept of magnetic resonance (MR) spectro-
scopy, a measurement tool to identify the composition of chemical compounds.
In Section 1.2, the principle of investigating the molecular diffusion using NMR
techniques is briefly described. By adding precise field gradients to an NMR
setup, the technique extends to the unique, non-invasive imaging modality,
magnetic resonance imaging (MRI) which is further described in Section 1.3.
The state-of-the-art of various compact NMR probes with the integration of
imaging hardware is described in Section 1.4. The detection hardware in MRI
is subject to continuous improvement and this chapter concludes the technical
limitations that arise in the context of micro imaging hardware.

Comprehensive explanations on the physical conditions are described within the
relevant literature for NMR spectroscopy 3 and MRI.["% The publication
by Lacey et all’% addresses the fundamentals of NMR spectroscopy of very
small sample volumes (= 1nL) including the advancement of micro fabricated
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NMR hardware. In the field of MR micro imaging, Gloover and Mansfield
summarised the major limitations of the magnetic resonance microscopy (MRM)

technology. (1]

1.1 Nuclear magnetism and spin interactions

An integral part of atomic nucleons with an odd number of protons, neutrons
or both is the existence of a nuclear spin. Some frequently used NMR isotopes
such as H, 13C, F or 2H show an outward directed magnetic spin and permit
for a detailed investigation. In brief, the nuclear spin is an abstract property of
the particle and specifies a quantum property. It is a form of angular momentum
which is an intrinsic property, that is not generated by the self-rotation of the

particle itself.

The principle of NMR spectroscopy is related to the Zeeman effect, which
describes an energy splitting on the magnetic moment of the atomic nucleus
by the influence of an external magnetic field. The first investigation of a
spin state was performed in the famous Stern-Gerlach experiment, 12 where
the direction of the electron spin of silver atoms was quantised. In short, the
intrinsic angular momentum shows an observable, directed interaction along
an inhomogeneous magnetic field. There are two energy states E or levels of a
spin s, in the case of a spin-half spin-up and spin-down, generally expressed as
Eo = —12hyBy and Eg = +1/27iyBy, where 7 is the gyromagnetic ratio, &

is Planck’s constant and By is the main magnetic field.

The tendency for spins to be in a state of lower energy is neutralised by thermal
collisions that tend to counterbalance the two spin states. In the equilibrium
state in absence of a static, homogeneous magnetic field, the magnetic moments
are oriented in random directions. In the presence of an external magnetic field
By, when considering a bulk sample of nucleons, there are parallel and anti-
parallel energy states which line-up in direction with By. In a three-dimensional

representation, we consider By to be aligned in z-direction. The number of
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spins which align to By generally depends on the magnetic field strength of
By and the temperature. For the collective interaction of many spins, one
speaks of an isochromat ! or the bulk magnetisation, which converts to a net
magnetisation vector My. Boltzmann equilibrium law provides an estimate of

the net magnetisation which can be estimated by,

N v s(s+1)h

M, ~
0 3kp T

By, (1.1)
where N is the number of spins, k is the Boltzmann constant, T is the absolute

temperature and By represents the statically applied main magnetic field.

The nuclear spin angular momentum of a particle results in a magnetic dipole
momentum and this precession is formed respectively to By, which can be

expressed by the proportional relationship, the so-called Larmor precession,
wo = - |Bol (1.2)

where w is the Larmor frequency and +y is the gyromagnetic ratio of the nucleus.
One example is 'H with a constant gyromagnetic ratio i, of 42.58 MHz T-L

The NMR signal is obtained by the interaction between an external applied,
alternating high frequency field and the intrinsic magnetic moments of the bulk
sample. Such RF radiation is necessary to generate a flip of the nuclei spin
state. The contributing electromagnetic energy causes the nuclei to change
their energy levels and is equivalent to energy difference between the two spin
states. The energy necessary to transform from E, to state Eg consequently
results in hyBy.

In every kind of physical examination, a suitable sensor is essential to obtain,
monitor and retrieve quantitative information regarding a specific physical
phenomenon. Much similar to radar technology, the hardware necessary for the
transmission of the RF excitation is a solenoid coil with a magnetic field B; in

the x-y plane, with its direction perpendicular to By as shown in Figure 1.1(a).
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By modifying the RF pulse width and amplitude, it is possible to flip the
intrinsic spin angular momentum towards or against By. With the z-directed
bulk magnetisation flipped towards the x-y plane, it can be detected by the
same coil or by employing a dedicated receive coil. The net magnetisation
M is observable as long as the individual nuclear spins precess collectively, in
coherence with one another. To prevail spin coherence over the entire sample, it
is obligatory that all spins experience an equal interaction with the transmitted
RF field.

After applying the B pulse, the nuclear spins re-align in the direction of By,
which results in a decaying magnetic dipole precession around the z-axis. The
processes that take place after diverting the nuclear spin magnetisation back
to its state of equilibrium is called relaxation, as illustrated in Figure 1.1(b).
The decaying signal oscillation is known as the free induction decay (FID)
which is recorded by a pick-up coil according to Faraday's law of induction.
The extremely weak NMR signal is further amplified in time-domain, sampled
by its quadrature using an analog-to-digital converter (ADC), and Fourier
transformed to obtain the NMR frequency spectrum.

A distinction is made between the two relaxation times T; and T, which
are of particular interest.[®! The return of the excited nuclear spin system to
its equilibrium state is known as the longitudinal or spin-lattice relaxation or
T1-relaxation, see Figure 1.1(c). Besides, the spin-spin relaxation or transversal
relaxation time T5 describes the time constant of the exponential decay, which

is observed after the RF excitation.
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Figure 1.1: (a) the net magnetisation M in the equilibrium state is rotated to M’ by
an applied RF magnetic field By in x-direction. (b) FID in the laboratory
frame, governed by the Bloch equations in Equation (1.3). (c) the decay of the
magnetisation after a 90° pulse starting at t =0s. (Figure inspired by [4, 6, 7])
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The electrodynamic behaviour of the decaying magnetisation vector is described

in terms of its precessional motion by the Bloch equations, 13!

M,
Ty
dM M
— =~vMxBy — Y 1.
gr ~ 1MxBo T (1.3)
MZ*MO
T

The Bloch equations provide the classical description for the dynamic behaviour
of the magnetisation vector and present the equations of motion of the NMR
signal. For a precise model of the behaviour of a nuclear spin, a quantum

description offers a more complete and detailed explanation.

In a practical observation of the relaxation, magnetic field inhomogeneities,
and to a minor extent, susceptibility discontinuities lead to a dispersion of the
FID with respect to an ideal relaxation. T3 is considered as the observed time
constant and is always less or equal than the true T,. A lower T5 indicates a
more rapid signal drop. T2/ contributes reversibly to T3 and is stochastically
independent form the natural or true T,

1 1

1 !’
— =+, withT, ~

_ 1.4
T2* T2 T2 Y ABO ( )

In molecular compounds, a shift in the resonant frequency of the nucleus
can be observed, which is influenced by the magnetic susceptibility change
of the orbital electrons. In terms of {H spectroscopy, individual substituents
or functional groups can therefore be identified in the NMR spectrum. The
result is a shift in the spectral lines which is called the chemical shift. In
spectroscopy, the chemical shift refers to the displacement of the resonant
frequency with respect to the standard in the magnetic field. The chemical
shift scale is established by referencing on a calibration compound from which
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a spectral peak defines the zero point on the chemical shift scale. For {H and
13C the standard reference compound tetramethylsilane (TMS) is widely used.
Although, the chemical shift §(ypm) is an independent measure with respect to

the main magnetic field strength computed by

UV — Vyef
S(ppm) = 10% x ——=, 15
(ppm) Uret (1.5)
with v being the resonance frequency in Hz of the observed sample and v

being the frequency in Hz of the spectral line from the reference compound.

It is worth mentioning that within a molecular system, hyper-fine spin inter-
actions between chemical bonds produce a splitting of resonance lines within
the observed spectra. The effect is called J-coupling, which is also known
as indirect spin—spin coupling and provides a direct spectral description of a
chemical bond. The unit of J-coupling is specified in hertz and the observed

quantity is the separation of frequencies between the multiplet peaks.

1.2 Diffusion

In liquids, molecules translate relative to their molecular mass centre throughout
space. Diffusion is the Brownian motion of molecules or ions caused by their
internal thermal energy. Quantifying the effects of molecular diffusion or flow
movements by means of magnetic gradient encoding is a major topic and
NMR provides a very elegant measurement approach. ¥l Molecular motion by

diffusion has an indirect or direct effect on the contrast of MR images. [15:1]

The mean squared displacement of a molecule (r(2t)) in the n-dimensional case

that diffuses in a time period t is given by

<r(2t)> =2-nDt, (1.6)
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with D being the diffusion constant. The distribution of squared displacement
can be treated as a statistical process and is characterised by a Gaussian
distribution with its peak representing zero displacement. The self-diffusion
coefficient can be estimated by the Stokes-Einstein relation, which shows a
linear temperature dependency. !’ Accordingly, stable temperature conditions

must be maintained during a diffusion measurement.

Spin Echo sequence: 180°
A RE Mxy I T [ 1
90° echo
FID
W
AGZQ I A 1
"Iil" "—"I%

>

coherent spins

Q

N
N
>

TTRAR

lee(; molecules: G, 4

Mobile molecules: G, 4 de-phased spins

s

": o)

X y %g
o1

o)

=]

—_
()
~

(a) (b) (c) (d) ()

Figure 1.2: Pulsed field gradient (PFG) spin-echo (SE) sequence for measuring molecular
diffusion. (a) initial state. (b) 90° pulse to flip the spins. (c) PFG SE: the phase
distributes along the gradient axis. (d) the 180° pulse causes the phase to invert.
(e) PFG SE: phase refocusing. (f) the resulting echo signal.

(Figure inspired by [4, 5, 18, 19])

For the description of the pulse sequence for NMR based diffusion measurement,
the SE must be presented first. The SE sequence is mainly used to measure
the T, process, but also for T;-weighting. However, diffusion weighted imaging
is associated with T,-weighting due to the longer minimum echo time (TE)

imposed by the diffusion module. Based on Bloch’s theory, Hahn[*9 derived
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the SE pulse sequence, that utilises two excitation pulses (Figure 1.2). In the
beginning, the net-magnetisation aligns with By, Figure 1.2(a). The first 90°
pulse (Figure 1.2(b)) flips the net-magnetisation towards the x, y-plane. The
removal of the B; pulse results in de-phasing of the spins caused by spatial By
variations and T, spin-spin interactions, which is related to Equation (1.4). The
De-phasing of the spins predominantly arises from the translational diffusion
within an inhomogeneous magnetic field. The important property of the spin-
echo sequence is the re-phasing by a further 180° pulse that re-clusters the
spins and reverses the aforementioned de-phasing, Figure 1.2(d).

In the beginning of the NMR diffusion measurements, static magnetic field
gradients have been used to measure self-diffusion coefficients. Nuclear spins,
which are located at various positions along the gradient, precess at different
angular frequencies. 2] However, from the arising inhomogeneities throughout
the gradient, the transverse relaxation time T, in Equation (1.4) shortens even
further. (21

As a variation of Hahn's spin-echo sequence, !9 switched gradient pulses before
and after the 180° pulse allow the measurement of diffusion coefficients of
small molecules in a more flexible way, as shown in Figure 1.2.[?2 By adding
two gradient pulses of length § and strength G, the conventional spin-echo
sequence extends to the pulsed field gradient (PFG) spin-echo (SE) technique,
which allows for the measurement the self-diffusion coefficient. With the first
gradient pulse in Figure 1.2(c), the phase of the spins unravels over the spatial
direction of the gradient field, along the gradient axis. The second gradient
pulse has the same shape of the first gradient pulse and refocuses the phase as
shown in Figure 1.2(e). The phase change ®, — ®; that remains for a particle

for a displacement x, — x; after the 180° pulse is given by,

Oy — P =—v5G (0 — x1). (1.7)
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The resultant signal of all spins in total is then attenuated due to the in-
coherence of multiple spins of the bulk sample. The relevant literature usually
deals with the relationship between the diffusion-attenuated signal S(- ) and
the signal without the influence of a gradient S(»; c—o) as described by the
Stejskal-Tanner equation for an echo time of 27,

Ser
Czﬁ):zap(—f5262D<A——§)>. (18)
S(2r,6=0) 3

The diffusion constant is typically determined by solving Equation (1.8) for a
set of spectra, which are recorded using multiple distinct gradient amplitudes.
The diffusion is then encoded as a spatial displacement with regard to the
elapsed time between the two gradient pulses.[?3l The measurement results in
a progressive, exponential decay of the signal amplitude.?* The exponential
signal decay affected by diffusion may also be expressed by the relaxation time
T; as described by the Torrey equation,

1 1 1

= — +-D+2G%5. 1.9
T, 3 (1.9)

More generally, T is dominated by field inhomogeneity, which warrants an
extra term in equation (1.9), i.e. see equation (1.4). The described formalism
also allows to utilise an NMR diffusion experiment for benchmarking the

one-dimensional (1D)-gradient homogeneity.

Another application of diffusion pulse sequences is the selective suppression of
resonances within the spectrum.?®! In general, the excitation band-width (BW)
of the RF pulse is generally much greater than the sweep-width (SW) of the
entire spectra (BW > SW). The 180° re-phasing hard pulse is then replaced
by a selective pulse with an adjusted BW. It is then possible in combination
with the gradient pulses to re-phase only a certain part of the spectra. The
areas of the spectra which are suppressed by the filter remain out-of-phase,

and therefore do not show up in the spectra.

10
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1.3 Magnetic resonance imaging

MRI is a noninvasive tomographic imaging technique, generally used for medical
diagnostics. The spatial imaging modality gives information about the abund-
ance of a specific nuclei at specific locations in the sample, independent of
their chemical configuration. One particular advantage of MRI is the possibility
to observe the structure of biological tissue non-destructively. In human body
MRI scanners, the imaging resolution is currently limited to the order of a
millimetre. When downsizing the equipment to a small-animal imaging unit,

the smallest detail or voxel is typically 75 pm to 50 pm.

The imaging technique was first discovered by Mansfield and Lauterbur in
1972 by utilising dynamically switched magnetic field inhomogeneities with the
objective of encoding spatial information into the received NMR signal. [26:27]
Therefore, external magnetic fields are overlaid in a defined manner over the
sample space, thereby creating a location specific magnetic configuration
that leads to a location-specific RF response. In practice, such linear field
inhomogeneities are added to the static magnetic field Bp, and those are
generated by a gradient coil setup. In the early years, the technical challenges
were the demanding requirements on the signal processing and maintaining
the magnetic flux of the gradient over the confined sample space, without
degrading the superconducting magnet. To capture high resolution images,
the gradient field strength G (T m~!) is the key feature. It is common that
the gradient efficiency scales by square while the inner diameter or conductor
separation is reduced. In this context it is preferable to position the gradient

conductors as close as possible to the specimen.

An imaging gradient setup consists of three gradient coils in x-, y- and z-

direction, which collectively generate an arbitrary gradient vector G."l For a

11
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linear, spatial variation of the magnetic field, the gradient vector is composed
of the three orthogonal components G, G, and G,

oB, .. 0B, .. 0B, _
Ox + dy y+ 0z

=G.-Xx+6G,-y+ G, Z (1.10)

G

The use of defined, linear field gradients is the way of choice in healthcare
applications, since the linear field distribution also results is a constant voxel size.
Also the signal intensities over the entire image can be compared directly. This
makes the linearity an important design parameter for targeting the imaging
field-of-view (FOV). Consequently, only a constant correction factor is sufficient
to adjust for a variation in the gradient efficiency among the three gradient

coils.

During an MRI experiment, a specially designed pulse sequence is executed,
in which the gradients are switched to perform frequency and phase encoding
of the respective voxels. Throughout Figure 1.3, the three gradient directions
vary linearly in the illustrated representation. The imaging plane may also be
selected arbitrary independent of Cartesian axis directions, as shown in the
figure.

Spatial encoding in magnetic resonance can be performed by the here illustrated
two-dimensional (2D) GRE sequence, that can be subdivided into three sections,

within the order of the applied gradient types:

slice selection: The first gradient pulse is imposed during RF excitation and
defines the imaging slice. The shape of the RF is for example a windowed
sinc pulse that mathematically performs an ideal excitation. Both, the RF
band-width (BW) Af and the gradient G, correspond to the frequency

12
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g@reo,, slice selection Cv [l @
RF excitation S gradient
G | |
VM'\ signal z g

Figure 1.3: The gradient echo (GRE) pulse sequence with the gradient coil axis selected
to fit the Cartesian grid. (Figure inspired by [7, 28], MRI slice of my abdomen
recorded 2018 at Shenzhen People’s Hospital, China)

range where the Larmor equation applies. Hence, the excited area or slice
thickness (SI) is defined by,

_27T-Af

e

(1.11)
If the selected slice is located in the isocenter of the gradient, the RF
carrier frequency is equal to the reference Larmor frequency of the
magnet, By. In the GRE sequence, there is no 180° excitation pulse and
flip angles below 90° are generally used. A shorter flip angle has the
advantage of lower RF power which reduces the specific absorption in

the sample, when compared to a spin-echo sequence.

13
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phase encoding: The principle which lies behind the phase encoding is to

induce a spatial phase shift into the magnetisation. A gradient lobe
is applied while the magnetisation is in the transverse plane, after the
excitation and before the readout. By varying the amplitude of the
phase coding gradient for the line-readout, different amounts of linear
phase variation are introduced. The phase encoding gradient G, is
predominantly orthogonal to the frequency encoding direction, while
exposing an angular frequency of precession w = G, y. Although, the
gradient lobe G, is switched on for a duration T, and the particular

position of the encoded phase ® is determined by,

T
d(y) :y’y/ G,t dt . (1.12)
0

frequency encoding: To generate the echo, first, a gradient pulse with a

14

negative polarity is switched to add a phase to the spins. The bulk
magnetisation is then re-phased by the readout gradient pulse, that
possesses a positive polarity. The MR signal further becomes a measure
of the position along the gradient. The echo time Tg is the duration
from the centre of the RF excitation pulse to the middle of the echo. The
gradient lobe G, during echo readout causes a variation in the Larmor
precession w = wg + wyx;, which distributes linearly across the object,
according to

wy =7 Gx X;. (1.13)

The received angular frequencies map directly to the locations of the
spin isochromats. The GRE sequence produces susceptibility weighted
images since there is no refocusing during the acquisition of the echo.
The extracted images are contrast weighted by the factor exp (—Te/75).
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k-space sampling

The k-space sampling concept facilitates the understanding of the pulse se-
quence. The domain was called k-space since the Fourier transform variables
are given the symbol k. The time-varying signals are organised as trajectories as
shown in Figure 1.3 and each phase encoding gradient pulse begins with a new
line in k-space. For the visual interpretation of the data, the sampled k-space
data is reconstructed into the imaging domain by a 2D Fourier transformation.
The Fourier conjugate of the k-space trajectory correspond to the coherent

net magnetisation in the 2D space.[’]

1.4 Hardware

NMR magnets with field strengths of more than 36.1 T can be constructed on
the basis of using modern superconductor materials. 231 Such a high field
strength is obtained in the centre region of the space-constrained magnet bore,
which further requires a compact assembly and integration of the NMR detector.
NMR systems made from compact permanent magnets (up to 1T to 3T) are
becoming even more popular and can benefit from a compact transmit and
receive (Tx/Rx) and gradient coil assembly. One example of such a magnet was
constructed by Moresi et al,[32] where metal plates with high permeability were
inserted into a permanent Halbach magnet configuration to further homogenise
and accumulate the field in the centre. When combining such a magnet with a
microfluidic sample delivery system, compact electronics, and a microfabricated
detector — that sort of MR spectrometer facilitates its fully portable operation
at the point-of-care. 3334 In the confined space between the gradient and the
sample, it is also necessary to implement a compact Tx/Rx coil topology. Two
of the biggest hardware challenges in NMR spectroscopy and micro imaging
are the sensitivity of the RF Tx/Rx coil and the field strength of the gradient

system.
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The applied field variation of a gradient coil is generally independent from
the primary magnetic field strength By. Both, high and low field systems
can therefore benefit from a space-saving miniaturised gradient system and
would also allow for smaller bore sizes of the magnets. When scaling down the
measurement equipment, the ratio between the magnet size and the size of
the sensitive volume is fairly constant. Although, if one reduces the size of the
magnet, a smaller homogeneous volume is obtained, which compromises the
sensitivity. 351 However, the accuracy and linearity of By limits the resolution.
Consequently not many publications reported an isotropic resolution of less
than 10 pm. The wide application of high-resolution NMR equipment is not

only limited by its price, but also by its size and continuous maintenance.

1.4.1 Miniaturised RF coils

The measured NMR signal is extremely weak and requires a well engineered
detector. 3037 The fraction Vsl /vs of the total volume involved in the NMR
experiment and the effective sample volume Vg covered by the RF micro
detector should ideally become equal to one. The RF detector must record
a considerable amount of the FID amplitudes with a minimum of randomly
added noise. A weak signal-to-noise ratio (SNR) results in a small number of
receipted spins N and consequently longer measurement times are required. [3¢]
Therefore, a high SNR of the NMR detector is an essential prerequisite.

Hoult and Richards!®9 investigated the influencing factors on the SNR, which
give a general design description to levitate the amplitude of the signal and to
reduce the level of the noise. The significant factors which are contributing to
the SNR are the temperature of the probe and the sample, the B; homogeneity
of the coil, the coil sensitivity, the probe's efficiency and filling factor af and
geometry of the coil. Also, the noise figure of the RF pre-amplifier and the
amount of polarised spins due to the By field strength degrade the SNR. Most
of the electronic noise in the RF detector is generated by the thermal motion of
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the electrons, which is known as the thermal noise voltage or Johnson—Nyquist

noise,

Vo= /4ks T RAF. (1.14)

Where kg is the Boltzmann’s constant, T is the absolute temperature, R is
the coil resistivity and Af is the bandwidth in Hz over which the noise was
measured. The SNR is defined as the height of the signal, is generally divided
by the the root-mean-square (RMS) noise, ! which is given for an MR coil

by, [40]

Bl hz OJS
ko () Vs Ny —I(l +1) ————=
SNR = ’ am ke T3v2 (1.15)
Vn
ko includes the contribution of Bj field inhomogeneities, / is the quantum
number of the angular momentum and N is the amount of contributing spins.

Equation (1.15) of the SNR is often found in a simpler form, [41:42]

SNR oc ———— (1.16)

Hoult and Richards have established the principle of reciprocity for NMR
detectors, which states that the induced signal into a coil is directly proportional
to a generated B; field of the coil per unit current. In this context, the coil
sensitivity can be described as B; - i~1, the magnetic flux density per unit

current.

In high frequency applications, the skin effect dominates the direct current (DC)
resistance of the coil conductor and degrades the achievable SNR. Through the
skin effect, the resistance of the conductor is proportional to the square-root of
the frequency and the current density decreases exponentially from the surface

of the conductor to the centre.

A miniaturised NMR coil enhances the sensitivity of the magnetic field by
increasing the induced voltage per mass unit when compared to a larger
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coil. 1344 Over the past decades, the methods have been optimised to achieve
higher resolutions and to extract localised chemical information. #5471 With
micro coils, elementary studies can be performed on samples as small as
individual cells.[*8] For the first time, Aguayo et all* recorded images of a
toad ova that had a diameter of approximately 1 mm at an imaging resolution
of 10 x 13 x 250 pm.

Different micro coil configurations applicable for studies in the field of magnetic

resonance microscopy (MRM) are outlined in the following.

Solenoids: Solenoid micro detectors are one of the most popular geometries
and can achieve a high filling factor, ideal for volume-limited samples.
The limit of detection can be reduced to 10'° nuclear spins. % Micro
solenoids can be wound around a glass capillary tube, while providing
an excellent signal to noise ratio for detecting sample volumes below
1-107*pL.B5951 A solenoid has to be oriented perpendicular to the By
field, which causes a field distortion in the intrinsic RF centre. Solenoid
micro coils have been immersed into susceptibility matching liquid, that
significantly improved the spectral line-width resulting in a central peak
to a full width at half maximum (FWHM) of 0.6 Hz.[52] A limiting factor
of hand wound solenoids is the elaborate craftsmanship and therefore
automated manufacturing processes were introduced to enhance the
reproducibility using an automated wire bonder.®3] Another significant
limitation of a micro solenoids with sub-millimetre dimensions appear to
be the inherent difficulties associated with accurate sample positioning.
Consequently, previous research focused on the development of micro coil
with an integrated fluidic sample delivery system.[®* McDonnell et a/ 5!
combined in his measurement setup a larger, commercial RF coil and a
detection only micro coil. Such methods retain the B; homogeneity of a

larger RF coil with the added sensitivity of a micro solenoid.

Helmholtz coils: In contrast, miniaturised Helmholtz detectors were de-

veloped that offer superior B; field homogeneity and allows a more
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flexible specimen positioning. More recently, a miniaturised Helmholtz
coil was reported by Spengler etal,[®® which showed a high spectral
sensitivity, as there were fewer jumps in magnetic susceptibility near
the site of detection. However, the outlined design made use of two
glass substrates bi-plates to build up the coils onto, and consequently,
substrates required extensively more volume than the sample itself.

Saddle coils: Similar to a Helmholtz coil design, the saddle coil topology allows
an alignment parallel to the By direction. The saddle geometry moreover
fits ideally into a vertical bore magnet system and does not cause unlike
the solenoid large susceptibility jumps. One particular advantage of a
saddle coil is the relatively large sample space and the homogeneous RF
centre that yields in a high spectral resolution. Wang et a/!*"! fabricated
a saddle-geometry micro detector on a flexible substrate, which was
rolled around a 620 pm glass capillary. The utilised polyimide substrate
had a thickness of 25 pm, and consumed considerably less space than
micro detectors based on glass or silicon wafers. Wang utilised his rolled-
up micro coil in NMR spectroscopy and imaging experiments. Wang's
detector is well suited for combining it with the micro gradient design of

this work.

Planar coils: A fourth type of micro coil topology that can be manufactured
with the aid of photo lithography is the planar coil geometry. [41:58:59]
Watzlaw et a/l% presented a planar micro coil composed of four stacked
single layers based on a polyimide substrate with a total DC resistance
of 9.5Q with a homogeneous region of 2mm x 2mm. Massin et a/[1]
presented a planar NMR micro coil with an inner diameter of 500 pm
based on an electroplating process. Leidich et a/l®? stacked two planar
type coils similar to a Helmholtz arrangement. A glass capillary served as
a sample container which was inserted through a deep reactive-ion etched
bore through the centre of the detector coils. More recently, rectangular

planar micro coils have been co-integrated with the low-noise amplifier
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(LNA) on-chip using the same complementary metal oxide semiconductor
(CMOS) fabrication for the entire detector. 63l

In certain applications, RF coil designs, which are arranged orthogonal to By,
allow an easier integration into the range of magnets or gradient coil arrange-
ments. Alfonsetti et al,[®* constructed a butterfly coil, which is particularly
suitable when installation restrictions occur mainly in the By or z-direction
due to a compact permanent magnet configuration. %] The butterfly is also of
significant relevance for implementing it into the subjected gradient systems
of this thesis. Much similar in geometry, the volume microstrip RF coil by
Jasifiski et all*? has a similar bi-planar geometry and used in MRI microscopy
to investigation flat samples at a high SNR.

Much similar to phased arrays in radar technology, multiple NMR micro coils
can be arranged in an array to increases the FOVI% or to enhance sample
throughput. A miniaturised phased array consisting of seven micro coils was

presented, providing a flat sensitive area applicable for spectroscopy and MRI. [67]

1.4.2 Field gradients for magnetic resonance microscopy

The term nuclear magnetic resonance microscopy (MRM) can be distinguished
from the conventional MRI in having pixel resolutions smaller than 100 pm. [11]
Especially the resolution of MRM experiments take particular advantage when
stronger magnetic field gradients are available and when gradients can be
switched rapidly at a high slew-rate, the rate of change of the gradient amplitude
(T m~1s71).[%8] To compensate for magnetic susceptibility effects, it is possible
to use magnetic field gradients that are strong enough to dominate susceptibility-

induced field variations. [69]

20



1.4 Hardware

The Biot-Savart law is the primary tool for designing magnetic gradient coils.
The magnetic field for a given conductor with volume V/, generated by a

constant electric current is calculated by,

B(r) = 10 /Mdvf (1.17)

4 lr—r|?
v

where B(r) is the magnetic induction vector at point r, J(r’) is the current
density at the source point r’ and 1 is the magnetic permeability of free space.
In the design process, only the z-component of the magnetic field vector is
considered. The resulting x- and y-components do not bias the main magnetic

field By and can therefore be neglected.

Gradient coils aligned on a cylinder have proven themselves in MRI to ef-
fectively utilise the available space in a circular magnet bore. Especially for
high-field human-body systems with a field strength By > 3 T, the available
space needs to be preserved for the patient. Doty["® had addressed the major
design challenges and constraints for small-animal cylindrical gradient systems.
Gradient coil optimisations are generally performed on the aspects of linearity,
resistance/power, the maximum achievable gradient gain and the inductance.

The self-inductance of a conductor is generally given by,

47712 // ||,_,/|| (1.18)

were V is the volume of the conductor and / is the total current with respect

to the volumetric current density J(r).

The field homogeneity d\ of a field gradient is of concern and is often calculated

for the respective volume of interest oy, '

1 Bac ieve 2
oy = /( hieved 1> dWor. (1.19)

Wol Besired
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When comparing the induced Bjchieved With an ideal, linear field variation
Byesired, One can consider the terms homogeneity and linearity as equivalent,

which is often found in the literature.

When gradients are switched rapidly, eddy currents are induced in the surround-
ing conducting materials and produce time-dependent fields or added field
variations, lowering the gradient amplitude.["? Shielding is another require-
ment to minimise external interactions, especially with the superconducting
magnet. [7374] Active shield coils are designed complementary with the gradient
coil, in order to cancel the field outside the gradient coil."*! However, shielding
is typically not required if the distance of the magnet bore diameter to the

gradient coil is twice as large. [70.70]

Even before the actual MRI technique was explored, the beginning in the
gradient development was established by Weston Anderson7”] and much similar
by Zupancic et al.["879 Both research groups introduced field correcting coils,
that are also called shim coils, to adjust inhomogeneities in the main magnetic
field. For NMR spectroscopy, it is a prerequisite to apply an almost homogeneous
By field and, consequently, field inhomogeneities of higher orders must be
corrected. An inhomogeneous By causes spectral broadening, and without
field correcting coils, it is highly difficult and even not possible to produce an
almost homogeneous By field. Anderson reported a variety of field coils for
different orders, on the basis of long straight tracks or circular conductors. The
significant innovations of Anderson's shim coils were the simple coil topologies,

which are straightforward for realisation.

Table 1.1 illustrates the Anderson quadrupole z-gradient, and next to it the
y-gradient composed out of four conductors. For the same zy separation, the
y-gradient is more effective than the z-variant. The conductor positions are
arranged symmetrically with respect to the illustrated plane, such that higher-
order field derivatives cancel out in the centre. Wire configurations with a
current direction in symmetry with respect to origin (I [y, £z] = — Ik [y, F2])
lead to a linear z-gradient, since all terms 9"B:/ay" and also terms 9"B:/a,m
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Table 1.1: Anderson’s electrical current shims in a linear y and z configuration based
on indefinitely long conductors. "7l The gradient efficiency scale the maximum
achievable gradient strength with respect to zp separation.

with an even value of m vanish in the centre. If the current is of equal direction

by symmetry, (I [y, £z] = I [—y, £Zz]) a linear y-gradient is produced. In this

configuration, 9"B:/s2m derivatives vanish by symmetry and derivatives 9"Bz/gy"

with an odd n have to be considered.

[77]

23



1 Introduction

According to Equation (1.19), contour plots of the gradient homogeneity are
one way to represent the local gradient field error with respect to the available
sample volume. 8% The plots in Table 1.1 provide an intuitive visualisation of

the achieved field accuracy.

A wide range of tri-axial gradient systems found in the literature were composed
out of a combination of different coil topologies. Table 1.2 gives a summary

on the performance parameters for a selection of MRM gradient systems.

For cylindrical gradient assemblies, it can be shown in Figure 1.4(a) that the
gradient efficiency scales by square while the inner diameter reduces. Larger coils
or coils with many windings possess a higher inductance, but low inductance
gradients consequently allow for faster switching. The gradient efficiency scales
linearly with the number of coil windings n, but also the inductance scales by
n?. For the coils surveyed in here, there is no clear relationship in terms of the
coil inductance with respect to the gradient strength per unit current.

Field gradients are not constantly switched on as the on-time is limited by
the repetition rate Tg. The repetition rate is also governed by the T; time
as the longitudinal magnetisation needs to recover before repeating the pulse
sequence. The achievable gradient amplitude is not mainly limited by the size
or number of wire turns but by the acceptable temperature rise. The fraction of
the period during which the gradient is active is often referred as the duty cycle.
In practice, the duty cycle of each gradient is therefore much less than 2% of
each acquisition cycle. For a selection of gradient coils Figure 1.5 illustrates

the specified duty cycle.
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Model Ref. Gradient type Grad. efficiency linearity —~ FOV L R
[T/(mA)] [%] [mm’]  [WH] Q]
Shtirber, Cylindrical assembly,
@® . & [81] G<y>|ay. Y 1.75-4.66 (—) (=) 175  0.55
Anderson design,
(h) Weiger etal  [82] vertical orientation, 1.083 (=) 1 (—) 0.98
multiple windings.
G,y Anderson
(i) Seeber etal [50] desin Gz Maxwell 0.255 5 05 01 03
pair, horizontal
orientation.
(j)) 20-42T Doty [70] Cylindrical assembly. 0.125 5 6300 70 0.8
G,y Anderson
i design, G, Maxwell -
(k) Tsuchiya etal [83] “efty, (renieenge] 0.063 (—) 15 1.5 0.52
orientation.
0] 'I;"r'lcj[(‘;f [84] Cylindrical assembly. 0.05 13 3050 18 0.18
Cylindrical assembly,
wire wound Golay
(m) 26-40 Doty  [85] embedded into 0.048 5 5600 37 1.4
ceramic forms.
Stream-function coil
Demyanenko design, vertical
(n) etal [86] orientation. 0.037-0.041 5 4 (—) 0.15-0.6
uni-planar.
(o) 24-40 Doty [70] Cylindrical assembly. 0.038 5 6900 21 0.8
(p) 50-72S Doty [70] Cylindrical assembly. 0.008 5 40800 35 0.6
(q) 50-72W Doty [70] Cylindrical assembly. 0.007 5 56 700 42 0.6
r - oty ylindrical assembly. . .
66-98T D 70] Cylindrical bl 0.007 5 123000 65 0.7
(s) 8Df:t1y20W [70] Cylindrical assembly. 0.004 5 287000 130 0.6

(=) information not available.

Table 1.2: Operational parameters for a selection of tri-axial gradient setups that are sorted
by the gradient efficiency. The listed data for reference [70] refers to the high-
performance axis.

25



1 Introduction

i o(s
] *®@a
i qu)\\\\ (
10* - TS 02 H
~ mice, ‘}8 m) o(j)
E 103 o small animals 1y~~~
£ 10° .
8 10? - plants, insects \\\*\\
w 3 ~
10" 3
o(n) tissue slices, cells,
100 micro-organisms a(h
(i) (h)
T T T LA
1072 107! 10°
(a) DC gradient efficiency (T m~! A’l)
125 { @()
— 100
I
2
75 R
g o(r) ()
g 50
=}
E o(a) o(m)
m 0
25 O(o}l)
0 - #8(k) (i)
T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
(b) DC gradient efficiency (T m! A’l)

Figure 1.4: Field-of-view (@) and inductance (b) with respect to the achieved gradient
efficiency from the selection in Table 1.2.
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The following hardware review discusses the state-of-the-art progress, categor-

ised with respect to the different gradient coil design topologies:

Straight conductors: Gradient coils based on straight conductors have been
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widely used for an imaging FOV of a few centimetres.[8”] Such gradients
were typically used to produce a linear field in the transversal direction
and remain technologically relevant.!8388] One of the first notable im-
plementations was presented by Seeber et al.[l He defined a support
structure to wind 650 pm thick copper strands for the x- and y-gradient
coils according to the Anderson design (see Table 1.1). Seeber et al used
a conventional, multi-winding anti-Helmholtz (Maxwell) coil pair for the
z-gradient. Frollo et all®® published a four wire extended version of an
Anderson z-gradient, in which additional conductors were added to allow
for a higher gradient strength and homogeneity.

Much similar to the Seeber design, Dodd et a/[® optimised a co-planar
arranged gradient coil, by adding concentric return paths at calculated
positions. The coil design also added shielding to minimise the exposed
field. Such an approach allows for instance an installation into a smaller
magnet bore.

Goloshevsky et al[®1 structured a bi-axial Anderson design on a planar
printed circuit board (PCB) substrate. The combined linear y- and z-
gradient on both sides of a two layer PCB allowed to perform MR flow
imaging. However, the relatively large distance of the PCB tracks to the
sample and the weak current carrying capacity limited the achievable
gradient strength.

Ellersiek et a/[°? implemented an uni-planar bi-axial planar gradient sys-
tem which was aligned in the same direction as By. The two coils were
defined on a 5 pm thick polyimide substrate to minimise the thickness of
the gradient set to be intentionally used with a permanent magnet. The
x-gradient consisted of four rectangular loops made-up of 100 pm wide
and 25 pm thick tracks.
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Weiger et al 18] presented one of the strongest tri-axial imaging gradients
which became commercially available. The high gradient field strength
was achieved by multiple coil winding in combination with an active
cooling system. Figure 1.5 illustrates the outstanding gradient efficiency
compared to other gradient coil. However, no further information was
provided about the fabrication principles of the active cooling system.
Even though possible sample heat-up not be excluded at very high duty-
cycles.

More recently, Sahebjavaher et a/[%3] presented another implementation
much similar to the Seeber design. The authors focused on a micro man-
ufacturing approach to define the conductors by using lithography and
copper etching. The height of the bi-planar gradient system assembly was
about 16 mm and allowed for the integration into a permanent magnet.

Circular loops: Uni-axial gradient coils have also been implemented by a set of
axial aligned circular loops. Zhang et a/!?] presented a circular z-gradient
coil geometry with a gradient efficiency of more than 4 Tm~1 A= The
coil design was derived from a standard Maxwell coil pair. The publica-
tion presented one of the strongest uni-axial gradient configuration and
proposed a gradient strength up to 600 Tm™1.

Much similar to Zhangs work, Bowtell et a/l% analysed the influence
of the coil inductance and resistance with respect to the number of
turns and fabricated a 1.65 Tm~! A~! strong uni-axial z-gradient coil,
composed of 120 windings around a cylindrical substrate. For his linearity
investigation, he used a phantom with alternating structures, inserted
into a 5mm NMR tube and recorded an one-dimensional profile.
Wright et al[%] constructed a linear z-gradient coil (1.3 Tm~* A1) and
combined it with commercial available x- and y-gradients. Tri-axial ima-
ging was performed and an axial resolution of 1 pm was achieved with
the z-gradient utilised for phase encoding.
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Golay: The Golay field coil design produces a transverse gradient, and it is

similar in the geometry to a stack of two saddle coils. Much comparable
to Anderson’s approach, the Golay coil was also originally defined for
homogenising the main magnetic field By. %l

Bowtell etall®9 constructed a MR microscope for a 11.7 T magnet,
which achieved a resolution of 4.5 um3 x 4.5 pum3 x 100 um3. This high
resolution was achieved by implementing modified, shielded Golay coils for
transverse encoding at 20mTm~ 1 A~ to 23mT m~! A~!. Besides NMR
applications, gradients in the form of multi-turn Golay coils (1.75 T m™!
to 2.7Tm™1) and a Maxwell coil pair (4.66 Tm~!) were employed in
electron spin resonance (ESR) microscopy. [81.97] To maintain mechanical
and thermal stability, the gradient coils were embedded in a thermally
conductive adhesive with a thermal conductivity better than 4 W m~—1 K1,
ESR benefits from very rapidly switchable gradients with relatively short

on-times of 0.2 ps to 2 ps offering resolutions much below 1 pm. %!

Target field: One of the most successful gradient coil design techniques is
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probably Turner’s target field approach.[991%! The technique assumes
a magnetic field on a defined geometry. With the approach the current
densities J on a cylindrical surface with respect to a desired target field
are computed. The method synthesises a field coil geometry by optimising
for a minimum resulting field error. In fact, the symmetry conditions as
derived by Anderson!™! also applies to numerically optimised gradient
coils. Various research implemented further optimisations by addressing
for instance a minimisation of the coil inductance, 1l a reduction of
hot-spot temperatures!*®? or an improved power dissipation. 103!

Beside Turner's approach, other methods facilitate the creation of coil
patterns on arbitrary surfaces. 1941051 Demyanenko et a/ (8! developed a
new type of gradient probe based on the stream function method with
an embedded RF coil and an uni-planar gradient coil. With the presented

liquid cooled gradient set, it was possible to encode tomographic images
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of 2mm tissue slices. In contrast to a symmetric bi-planar design, the
uni-planar probe suffers from weaker gradient strengths. However, such
an open design with easy access to the sample is characterised by its

high flexibility in terms of sample access and positioning.

Besides linear gradient encoding, non-linear concepts such as non-Cartesian
curvilinear gradients (e.g., Patloc) are also worth mentioning. 1196108 Non-
Cartesian gradient field arrangements require adapted encoding strategies.
Since the FOV for miniaturise gradient setup only consists of just a few voxels,
it is straight forward to use linear gradient encoding. In this work, linearity was
a primary focus, since isotropic parameters using constant gradients can be

mapped more intuitively.

Compact gradient coils have also been applied in tomographic magnetic particle
imaging, [199119 or to build up a magnetic navigation system to guide magnetic

particles '] or micro-robots. [112]
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1.5 Thesis objectives

As an introduction to the subject matter of this thesis, an imaging unit with a
hand-wound three-dimensional (3D) gradient system based on the Anderson
design was constructed. '3l Figure 1.6 shows the opened probe with the two

gradient half-plates and the electrical connectors to the probe base. When

TxRx hand wound coil—|

sample delivery

Gy

Gx, G;

<~

=

Figure 1.6: Openable macroscopic MR gradient probe. (Figure reproduced from [113])

l—connection to gradient amplifiers

compared to Seeber's implementation, it was possible to omit the G, Maxwell
coil pair, by combining the x- and z-gradients onto the same bi-plane to
conserve space. As a result, the number of gradient coil layers reduces to 2 x 2
stacked layers to build up gradient system in all three axes. The alignment
of the gradient conductors was achieved by laser cutting V-groves into the
poly(methyl methacrylate) (PMMA) substrate. Further, the conductors were
soldered individually to small PCBs attached at the edges of the PMMA.
The rigid PMMA plates were interconnected and screwed to a 3D printed
acrylonitrile butadiene styrene (ABS) part (MakerBot Replicator 2x), as shown
in Figure 1.7(a).

For spin excitation and readout a solenoid micro-coil was wound around a
1.6 mm thick glass capillary (inner diameter (ID) of 800 pm). Figure 1.7(b)
presents a microscope image of the top view of the gradient system with the
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(b)

1
E
E 0
>
-1
(a) (©) x (mm)
’:-‘ 1.0
. s
Gradient G G, G, >
]
efficiency (Tm =1 A1) 026 019 0.18 § 057
2y separation (mm) 1.5 1.8 15 =
resistance (2) 0.307 0.316 0.213 ;:';)
inductance (uH) 0557 0571 0428 @ 007 . . .
for Gx or G, the gradient efficiency is given by -t 0 !
equation (1.21) and for G, by (1.20). (e) x (mm)

(d)

Figure 1.7: (a) the assembled probe. (b) close-up of the gradient conductors. (c) recorded
MR image. (d) gradient coil parameters with the impedance measurement
performed at 1 MHz (E4991A RF Impedance Analyzer, Agilent Technologies).
(e) intensity profile extracted from the MR image in (c) at y = 0.

hand-wound receive coil. An MRI experiment in the transversal plane was
performed, as illustrated in Figure 1.7(c). The reconstructed image shows a
water sample inside the capillary. The image was acquired using a fast low
angle shot (FLASH) sequence at an echo time (Tg) of 2.5ms, a repetition
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time (Tg) of 800 ms and a flip-angle (FA) of 40°. Power adjustments were
done by the spectrometer’s software and the reference power adjustments were
acquired automatically to raise the spin excitation. The gradient efficiencies,
as summarised in Figure 1.7(d), were compared against the MRI image and

match with the mathematical model, which is further described in Table 1.1.

Much similar as the Seeber design, the imaging device operated without a
cooling system. Hence, the imaging was performed at short duty cycles to avoid
excessive thermal load on the un-cooled gradient system. At higher duty cycles,
the material failure occurred at the solder joints that possessed a significant

higher electrical resistance than the copper conductors.

The purpose of the aforementioned experiment was to identify expectable
limitations and to gain better insight into the topic. The following operational

objectives are formulated for a micro-integrated gradient system:

Gradient coil design. Long, straight coil tracks can be easily defined on
planar substrates. However, single layer coil designs based on the target-
field approach™ allow for a higher gradient efficiency. Such coils can
be realised using flexible deposition techniques such as electroplating
and can be easily replicated. With a suitable combination of different
gradient design methods, a high-performance planar gradient system can

be designed for a very confined microchip.

Current load capacity. With coil conductors being manufactured with an
adequate electrical conductivity and thermal capacity, the gradient system
remains stable even at elevated currents. The integration of an active
cooling system allows long-term measurements to be carried out with
short repetitions times, avoiding overheating of the gradient system and
excessive heat transfer to the sample. The gradient chip is enhanced by
a custom packaging concept to ensure that the electrical resistance of

the connecting leads is as low as possible.
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1.6 Thesis outline

Target FOV. The range of the field-of-view (FOV) as a design parameter
for the gradient system depends mainly on the dedicated sample object.
The capability to study the well-known model organism caenorhabditis
elegans (c. elegans) %] spatially resolved with MR is a decisive aspect
for the design of the gradient system. By a suitable coil design and
manufacturing concept, the aim is to achieve an elongated FOV, suitable
for such specimens. Thus, the gradient system provides a sufficient field
accuracy and linearity to image an object like the c. elegans nemathode.
By the use of a micro fabricated phantom with suitable test structures,

the field accuracy can be validated.

RF coil integration. To perform the NMR experiment, an RF coil with its
resonance tuned to the Larmor frequency of the respective isotope is
required. The Tx/Rx coil generates the spin-flip of the 'H isotopes and
records the spin relaxation of the decaying signal, the so called FID. In a
human MRI scanner, the gradient and the RF coils are tailored in such a
way that they allow for the most compact magnetic bore possible, but
also to provide sufficient room for the patient. A similar arrangement of
the components is pursued here. This requires the RF coil design and

stack-up to be as large as the sample itself.

1.6 Thesis outline

The work is structured according to the following systematic approach:

This chapter introduces the fundamentals and applications of NMR and MRI.
Then, the state-of-the-art NMR detection hardware and different field

gradient setups are described and put into comparison.

Chapter 2 shows the evaluation of the patterning techniques with a focus on
the implementation of the micro gradient. Different resist materials, and

in particular dry film resists (DFRs) are discussed. An electrodeposition
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setup for the copper deposition to form the gradient conductors is
described.

In Chapter 3, the manufacturing techniques were applied to implement a
rectangular microcoil using a maskless lithography process. Presenting
a self-aligned, mask-free micro-fabrication technique for creating thick-

layered conductive metal micro-structures within electroplating moulds.

Chapter 4 describes the chip and coil design of the uni-axial and the tri-axial
field gradients. A liquid cooling network and a compact RF detection

coil were incorporated into the design.

In Chapter 5, the manufacturing process of the bi-planar arranged gradient
chips is outlined.

Chapter 6 discusses the physical characteristics, electrical performance, and

thermal properties of the fabricated micro gradient coils.

In Chapter 7, several NMR spectroscopy and imaging experiments are presen-
ted, showcasing the potential applications of the fabricated microcoils,
and an investigation of the linearity of the uni-axial micro gradient is

presented.
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2 Microfabrication

To further reduce the overall dimensions of a gradient system, new manufac-
turing techniques were derived to achieve a higher degree of miniaturisation
and integration. Within the past decades, the fabrication of micro electro
mechanical systems (MEMS) devices has evolved, especially by the use of
photo lithography to accurately define micro features. MEMS fabrication and
replication techniques opened up several possibilities to integrate microelec-
tronic, micromechanic and microfluidic components on a single microchip.
Such integrated devices are generally built-up on planar substrates by applying
multi-layer structuring. The fabrication techniques underlie a procedural layout
description and demand a reliable, repeatable and precise process control.

With the introduction of the LIGA process (lithography, electroplating, and
moulding German acronym for: Lithographie Galvanoformung, Abformung)
in the early 1980s, it was first possible to pattern micro structures with an
aspect ratio of up to 50.[116117 However, LIGA relies on expensive synchotron
radiation, which materially restricts its general use. In applications with lower
requirements on the aspect ratio and height, LIGA has been replaced by the
more cost-effective “UV-LIGA”. The structuring techniques presented here
were predominantly based on such UV-lithography. Section 2.1 of this chapter
discusses a selection of UV photo-polymers and their process specific and

mutual compatibility when targeting multi-layer buildups.

Lift-off has become the primary technique to structure metallic thin films
at a sub-micron precision. "8 The gold standard for depositing thin, planar

metal layers is physical vapour deposition (PVD). However, PVD relies on
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2 Microfabrication

time-consuming, high-vacuum processing, that requires pressures below of
1075 mbar. If the PVD is performed on existing polymer structures, thermal
stability becomes an important issue, especially when the PVD is repeated on
multiple layers. In contrary to PVD, metal nano-particle ink-jet printing has
become an alternative patterning technique to define electrically conductive
micro structures without the need of vacuum processing. 19120l Nano-particle
ink-jet printing on pre-cured ORDYL®SY or SU-8 polymers is presented in
Section 2.2.

Electroplating was employed to structure metals into a mould master. In many
applications, a PVD thin films act as the plating base to start the electroplating.
In here, Cu electroplating was used to increase the electrical conductivity of
ink-jet printed silver tracks. A self-constructed setup was prepared for parallel
electroplating[12!] that is further described in Section 2.3.

2.1 Materials

With respect to the coil structuring of the micro gradient, it was focused on
negative tone photoresists. Negative resists are typically developed in organic
solvents, by solving the unexposed, not cross-linked resist.[*?2l Accordingly,
cross-linked negative type resists possess a high chemical stability towards a
variety of organic solvents. Since only negative tone resists were employed, it
was not necessary to create inverted lithographic masks, which also facilitated

testing of different processing techniques.

SU-8

Epoxy-based SU-8 resin offers a high transmission in the near UV range.[123
The excellent low optical loss of SU-8 EPON epoxy allows for an exposure,
even through thick layers, thus creating almost vertical sidewall profiles. The

outstanding properties of the SU-8 resist ranges down to nano patterning. [124
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2.1 Materials

SU-8 shows strong adhesion on various metallic surfaces and substrates. [125]
Enhanced adhesion is promoted by a dry, dehydrated, plasma-cleaned substrate.
The adhesion of SU-8 towards glass can be generally improved by using adhesion
promoters such as Omnicoat (MicroChem, USA) or Ti-prime (MicroChemicals
GmbH) [126,127]

The removal of highly cross-linked SU-8 epoxy using physical and chemical
methods is difficult and mainly requires temperatures above 200 °C.[128] Wet
chemical stripping of the SU-8 without harming, e.g., electroplated metal

micro-features is almost impossible.

When processing SU-8, especially after the post exposure bake (PEB), mech-
anical stress may occur between the substrate and the resist layer.[1?] Such
stress effects inevitably increase with the thickness of the resist, and become
more dramatic for film thicknesses larger than 100 pm. Due to the coefficient
of thermal expansion (CTE) mismatch between the substrate and resist, rapid
temperature changes may induce a curvature into the substrate. [130] Specifically,
rapid temperature gradients while lowering from the PEB to room temperat-
ure cause such a substrate bow to evolve. Limiting the PEB temperature is
another effective countermeasures to reduce substrate bending. 3! In various
observations, substrate deflections were also effectively reduced by minimising

the cross-linked SU-8 surface area on the wafer.

There are a number of different SU-8 compounds containing different solvents
used in adjusted concentrations.*32 The SU-8 product, that was used through-
out this thesis was SU-8 3000 series (MicroChem, Westborough, MA). lts
solvent concentration exhibits lower film stress, while providing enhanced adhe-
sion on borosilicate glass such as Borofloat 33 (SCHOTT Malaysia). Multi-layer
processing of SU-8 allows to define micro-fluidic channel networks. [133:134 SU-8
films can be successively stacked to structure several layers by applying the

SU-8 resist only temporarily on a support polyimide film. [13%]

39



2 Microfabrication

In a cross-disciplinary side-project within the scope of this thesis, a SU-8 film
was used to measure the near-field light perturbation of Synechocystis cells. '3l
A high resolution imprint of the light pattern adjacent to a single cell was
replicated into the resist. Figure 2.1(a) shows a schematic illustration of the

executed photolithography.

UV light

Synechocystis cell

(©) (d)

SU-8 3005 photoresist 37 nm—

30 nm—
25 nm—

20 nm
15 nm
10 nm
6 nm

Figure 2.1: (a) photolithography to imprint the light pattern of a Synechocystis cell.
(b) height profile reconstructed from an AFM image. (c),(d) scanning electron
microscope (SEM) images of cells which remained attached after development.
(Figure adapted from [136])

silicon substrate

(a) (b)

gu™

Therefore, SU-8 3005 was coated at a final rotation speed of 4000 rpm on a pre-
cleaned silicon wafer. The photosensitive film was subjected to a soft bake at
95 °C for 5 h. Droplets (4 mL) of an exponentially growing Synechocystis culture
in BG11 medium were dispensed on top of the 5pm thick photo resist. 13
After letting the buffer medium evaporate, the Synechocystis cells remained
separated, but also in cell clusters on top of the wafer. Sharp rendering of the
scattering patterns into the SU-8 film was achieved by performing a lithographic
series at the characteristic wavelength of 356 nm using i-line filtering. The
optimal dose for the flood exposure was 85 mJcm™2.

Although during the wet development, the cells were mostly flushed away using

the standard propylene glycol methyl ether acetate, 1-methoxy-2-propanol
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2.1 Materials

acetate (PGMEA) SU-8 developer. Figure 2.1(c) and Figure 2.1(d) illustrates
cells that were still attached to the wafer after SU-8 development. The reflective
surface of the silicon wafer was crucial to achieve the sufficient adhesion of
the resist at such a moderately low exposure dose. It was not feasible to select

a transparent glass substrate for this experiment.

After post-lithography processing, height profiles of the scattering pattern were
obtained by an atomic/scanning force microscope (AFM) measurement in
tapping-mode (Dimension Icon, Bruker, CA, USA). The exposed SU-8 had a
median surface roughness R, of 3.2 nm which is consistent with values found in
the literature. [137:138] The SU-8 layer rendered a height-dependent cross-linked
structure similar to grayscale lithography. 3% The Synechocystis cells produced
distinctive near-field optical scattering patterns on the polymer surface, as
shown in Figure 2.1(b).[3%1 Dominant is a remarkably sharp and intense peak
or nano-jet beneath the centre of each cell. From the scattering pattern in
Figure 2.1(b), the mean of six axially-symmetric profiles was computed in order
to average out the noise of the surface roughness. A FWHM of 281 + 33 nm
(mean and standard deviation) was calculated from these profiles at different
angles. The width of the peak indicates that the near-UV light is focused to a

spot with a diameter less than the wavelength. [130]

The here performed experiment demonstrated the more than sufficient, high
sensitivity nano-structuring possibilities of the SU-8, capable to precisely define

MR field coils at a micro precision.

SUEX and ADEX

SUEX/ADEX are thick epoxy DFR sheets for the fabrication of MEMS com-
ponents. These DFRs were purchased in pre-cut sheets with the exact size of
the wafer, and thus offer a more resource saving alternative to the wet applied

resists. The resist consumption of wet applied SU-8 resist is almost 10 times
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higher. SUEX is manufactured by a solvent-free process to maintain uniformity

during resist processing. [140:141]

SUEX and ADEX are applied by hot-roll or vacuum lamination. The exper-
iments performed in this thesis showed process compatibility between SU-8
and SUEX/ADEX with strong inter-layer adhesion, much comparable to the
fabrication performed by Meier et a/ (142l who successfully applied a combination
of SU-8 and PerMX 3050113 resists.

When sputtering a combination of metal layers on-top of each another, the
substrate and an underlying lift-off resist layer can reach temperatures above
180°C. 14 To validate the stability of the SUEX fabric under thermal load,
a combined differential scanning calorimetry (DSC) and thermogravimetry

(TG) measurement was performed as shown in Figure 2.2. The temperature
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Figure 2.2: DSC and TG scans from a 2 mm thick SUEX DFR. The measurement was carried
out using a NETZSCH STA 449 C (Netzsch-Geritebau GmbH) with respect to
an Al,Oj reference crucible under ambient atmosphere. Data with measurement
uncertainty were masked out.

ramp in the diagram was chosen to closely match a real temperature cycle
during an excessive PVD step. The DSC shows an exothermal peak at around

55°C to 65 °C which indicates the cross-linking reaction. The necessary resist
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crosslinking temperature after UV-exposure is much comparable to the wet
applied SU-8. [145.146]

After the resist was baked at 95°C for 10 min to perform the recommended
PEB, the temperature was increased to 180 °C and kept for 40 min. The DSC
remained unchanged during this isothermal period.

In therms of the thermal stability, the TG measurement is of greater interest.
No significant weight loss was measured by the TG at temperatures between
100°C to 300°C. This makes SUEX a suitable candidate to be coated with
a conductive metal layer by PVD in order to further build up electroplated

structures.

ORDYL® SY series

Another popular negative-tone dry film resist (DFR) is ORDYL® SY, which
was mainly used in the field of micro fluidics, 147148l to perform adhesive
wafer bonding. [20:148.149] \/ylto et a/[*%0] examined the chemical stability of the
ORDYL®SY on a fluidic chip. Although, the exact composition of ORDYL®
SY was not published, it consists of a major amount of acrylic polymer of
approximately 40 % to 60 %. With the applied ORDYL® SY on a glass substrate,

Vulto performed Ag electroplating for layering up pre-structured electrodes.

Huesgen et al[1*1] optimised the processing conditions of the acrylic laminate
and performed multi-wafer adhesive bonding to define 3D MEMS. A substrate
bond of glass— ORDYL® SY—glass can be carried out in the range of 80°C
to 120°C. Huesgen performed a subsequent post-bake at 150°C for 2h, to
ensure curing and thus, to achieve an enhanced bond strength. In terms of
substrate adhesion, ORDYL® SY is more robust towards rapid temperature
changes than the SU-8 or the SUEX.

Within the scope of this thesis, processing possibilities were investigated to

deposit a conductive electroplating seed on top of pre-cured ORDYL® SY. Since
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there was no literature available that described the details of the cross-linking
process and stability of ORDYL® SY, first, a combined DSC-TG analysis was

performed, as shown in Figure 2.3.
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Figure 2.3: Combined TG and DSC of flood exposed ORDYL®SY with thermal ramps
to investigate the thermal behaviour for evaluating PVD compatibility. The
conditions were similar to those in the experiment in Figure 2.2.

Polymer cross-linkage would appear as a variation of the heat flux. Within the
respective temperature range, no indication of cross-linking appeared in the
DSC curve. With the utilised instrument, it was not possible to prove the results
of Huesgen et al.['51 Although, one can see the significant exothermic reaction
for the SUEX as shown in Figure 2.2 on page 42. In fact, the dynamic resolution
of the available instrument was also limited. During the decomposition of the
ORDYL®SY, the multiple peaks in the DSC curve indicate a higher diversity

of compounds when compared to the SUEX experiment.

After a conventional resist application, the DFR exhibited extended vapour
evolution when baking it at elevated temperatures above 140 °C. The mass
change through out-gassing was also observed by the DSC-TG measurement.
The progressive loss of material for temperatures above 120 °C indicates the
out-gassing of the volatile components. Considering the time-resolved TG curve,

one can detect a mass loss of 3% to 5% after 2h of heat-up. The observed
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characteristics also revealed the incompatibility with other DFR coatings such
as SUEX and SU-8, e.g., in therms of long-therm bonding stability between
different resist layers. The proposed compatibility as published by Paul et a/[*52
could not be endorsed.

Nevertheless, the metal deposition of WTi/Pt (10nm /80nm) and also of
Cr/Cu (5nm /100 nm) was carried out on top of a ORDYL®SY 355 layer.
Prior to the deposition, the wafers were flood exposed and baked for 5h at
150°C. Figure 2.4 illustrates the metallistaion attempts of the final formation of
both deposited films. For both of the two experiments, no adequate conductivity

(a) (b)

Figure 2.4: (a) sputtering of WoTi/Pt caused the formation of islands that were not inter-
connected. (b) metal evaporation of Cr/Cu resulted in an unstable metallic film
that peeled off.

over the entire film was measured. In spite of the high temperature during
PVD processing, it was feasible to apply conductive metal tracks by ink-jet
printing, which is further described in Section 2.2.

To determine the appropriate lithography parameters for the ORDYL® SY, ex-
posure tests were carried out, as shown in Figure 2.5. For testing the patterning,
the ORDYL®SY was hot-roll laminated on a glass substrate and exposed at

a peak wave length of 365 nm with an exposure energy of 9mW cm~2 using
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Figure 2.5: Exposure tests with the respective exposure times using a foil lithographic mask.
(a) 16s for ORDYL® SY 355. (b) 18s for ORDYL® SY 355. (c) 18s for ORDYL®
SY 390.

standard front-side (FS) lithography. Even a slight over-exposure lead to the
formation of a fine resist-skin within fluidic channels. In particular for the
90 pm thick ORDYL® SY 390, such an over-exposure cannot be avoided since
adequate adhesion had to be maintained towards the glass. In terms of the
achievable structuring resolution, ORDYL® SY is clearly inferior to SU-8. This
is due to photo diffusion and the opacity of the ORDYL® SY material. However,
the described effects were successfully avoided by a back-side (BS) lithography,
which is further described in Section 3.2.1.

ma-N 1400 series

The novolac based non-permanent photosensitive ma-N 1400 resin (micro
resist technology, Berlin) is applied by spin-coating on hexamethyldisilazane
(HMDS) primed silicon or glass substrates. Prior to the HMDS treatment,
it is important to turn the glass substrate hydrophilic by an oxygen plasma
activation, to enhance the density of hydroxyl binding sites. *53 The resin shows
high sensitivity towards i-line (356 nm) exposure. During wet development, an
undercut profile can be achieved that allows for lift-off processing. Cross-linking
of the resin and especially the resulting undercut depends on the photo speed,
the intensity of the exposure, and development time. 1> ma-N 1400 is suitable
for a variety of PVD depositions, especially within the W/Ti/Pt system. [144]
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The resist can be stripped by organic solvents (isopropyl alcohol (IPA), acetone)

or alkaline solutions.

During excessive thermal penetration within certain PVD processes, the tem-
perature can reach up to 160°C to 190 °C. In such scenarios, the resin can
be thermally stabilised by a hard-bake to facilitate a clean lift-off. Such a
hard-bake was omitted to avoid additional cross-linking. However, lower PVD
temperatures were achieved by dividing the deposition into several steps with

additional waiting times.

If the resin got extensively cross-linked, it was still possible to remove it by a
dedicated stripper (mr-Rem 400 or mr-Rem 700, micro resist technology, Berlin).
During stripping using the mr-Rem 700, the vapour deposited Cu seed layer

was penetrated. The Cu layer solved more rapidly than the actual resign.

Within the scope of a multi-layer metal deposition process, it was tested to
apply the ma-N 1400 on top of freestanding 250 ym high and 6 mm x 6 mm
wide SU-8 plateaus. Therefore, a spin-coater with a bell-shaped cover was used
(GYRSET®, SUSS MicroTec, Germany). Such a processing tool reduces the
air turbulence by the co-rotating cover. Spin coating with the cover keeps a
solvent atmosphere that enhances the uniformity of the resist layer, and corner
effects and comets are minimised. It was possible to apply ma-N 1420 on top

of the SU-8 plateaus without a previous HMDS treatment.

After WTi/Pt sputtering, the lift-off in acetone and IPA was carried out and the
result is shown in Figure 2.6(a). The resulting WTi/Pt track width was 40 pm,
and small metal flakes remained attached to the track. During acetone stripping,
the SU-8 layer and the edges of the sputtered track got slightly penetrated 5%
and the resulting lift-off time was much greater than the standard of 50s.

In contrast to the application by the GYRSET® based spin-coating, the ma-N
1410 resist was successfully ink-jet printed using a Dimatix material printer
(DMP-2831, Dimatix-Fujifilm). For the very first attempt, a test patterns was
printed by using a 1pL cartridge which got accurately resolved as shown in
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(b)

Figure 2.6: (a) lift-off on a cured SU-8 plateau. (b) ink-jet printed ma-N 1410 structures
after soft-baking and flood exposure.

Figure 2.6(b). The pattern was printed on top of a Si wafer with minor adjust-
ments to the standard jetting sequence. An acceptable height homogeneity of
the printed plateaus was achieved, which ranged from 4.6 pm to 5.1 pm. Ink-jet
printing of such lift-off resist is independent of the height of the predefined

structures.

Due to the availability of the aforementioned equipment, it was focused on
a whole-surface seed instead of lift-off based structuring for building up the
multi-layer micro gradient. The ma-N 1400 was exclusively used for structuring

the first metalised layer.

ORDYL®FP 450

ORDYL®FP 450 is a non-permanent DFR dedicated for the production of
printed circuit boards. It is similar in the resist application as the ORDYL® SY.
The resist is available in a maximum thickness of 55 pm and does not require
a PEB after lithographic structuring. Its chemical stability towards sulfiric acid
allows it to define an electroplating mould for the deposition of Cu. For the
development and stripping, only mild chemicals are needed, which extends its
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compatibility towards other photo resist. The shape of the side walls show a

tapered profile after the patterning, that also facilitates stripping of the resist.

Multiple layers of ORDYL® FP 450 can be laminated on top of each other.
The constraining factor is the loss of light transmission with respect to the
thickness of the resist layer. Figure 2.7(a) shows the optical transmission for a

variety of resist heights by successive lamination.

— 50pm — 150 pm
:\; — 100 pm — 200 pm
— 100 T
S 1
2 |
n
Ry H
£
a 50 H
© 1
b= ]
g
b= 0 T T
o 300 400 500 600 700
wavelength (nm) LF
(a) (b)

Figure 2.7: (a) ORDYL® FP 450 transmission behaviour for successive laminated resist layers.
(b) test pattern of a double layer of ORDYL® FP 450 on a silicon substrate.

The transmission spectra was recorded for the ORDYL® FP 450 after flood
exposure, measured using a Varian UV-VIS-NIR spectrophotometer. It was
experimentally found that only a double resist layer with a thickness of approx-
imately 100 pm could be exposed that finally provided sufficient adhesion to
the substrate. As shown in Figure 2.7(b), structures of 85pm in width were

reliably resolved using inexpensive lithographic foil masks.

In a preliminary investigation, a Cr/Cu PVD layer was applied by vacuum
evaporation on top of an exposed ORDYL® FP 450 layer. The resist showed
compatibility towards its use as a sacrificial layer. It showed adequate adhesion
and thermal stability to deposit a novel seed layers such as Cu or Au and in
principle allowed for electrodeposition. It was possible to build-up a bridge
structure above the first ORDYL® FP 450 layer by Cu electroplating. When it
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came to resist removal, the ORDYL® FP 450 could not be stripped below the
electroplated bridge structure using the conventional 3% NaOH. Wet stripping

combined with plasma ashing could be feasible but was not tested.

AZ 125 nXT

AZ 125 nXT serves for patterning a non-permanent electroplating template.
Electroplated structures of up to 400 pm can be achieved with this negative
tone resist. 1561571 A precisely defined resist height is not decisive when ap-
plying the AZ 125 nXT, but it must be at least 10 % higher than the targeted
electroplating height. The AZ 125nXT in combination with ORDYL® SY 390
was used for identifying a processing method to encapsulate electroplated micro
coil structures as shown in Figure 2.8. In order to pattern cooling channels or
structures in close proximity to a Cu micro-coil, resist bonding in combination
with lithographic structuring was performed. The result of the process is shown
in Figure 2.10.

HO DO MmN nme [HEE] Coron sy
| | | | |

Az 125nxT M Cu
(a) (b) (c) (d) (e) [Jseed layer [ glass

i

Figure 2.8: Embossing process for defining initial cooling structures into electroplated pat-
terns. (a) seed layer deposition on a glass wafer. (b) AZ 125 nXT application.
(c) Cu electroplating. (d) AZ 125 nXT and seed layer stripping. (€) DFR bonding
and lithography.

First, the Cr/Au seed layer was deposited as shown in Figure 2.8(a). Approxim-
ately 6 mL of AZ 125 nXT resist was pipetted on the 4" wafer and the resist was
spin coated dynamically. To achieve a target height of approximately 120 ym to
150 pm, spin coating was performed for 1s at 1600 rpm followed by spinning for
8s at 800 rpm. The soft baking step was conducted at 140 °C for 180's, which
enhanced the flattness but did not solidify the resist. For this reason, a proximity

contact exposure was conducted to avoid contamination of the utilised foil
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mask. Resist cross-linking emerges during the exposure at a relatively high
dose of 3Jcm™2. With the absence of a PEB, the resist was developed in 3 x
bathes using the aqueous AZ® 726 MIF developer (Figure 2.8(b)).

Cu was electroplated up to a height of 80 pm to remain right below the ORDYL®
SY 390. Stripping of the resist was possible using the N-Methyl-2-pyrrolidone
(NMP) free mr-Rem 700 remover. The complete removal of the Cr/Au seed
layer between the coil windings was critical. Figure 2.10 shows visible residues
after seed layer etching. Noble material combinations such as Cr/Au below
electroplated Cu are generally removed by selective etching solutions. Seed layer
removal by selective etching was not subject of the current process evaluation,
and is further discussed in Section 5.5 on page 135.

The Cu structures were wet chemically cleaned and activated by an oxygen-
plasma. An alternative to hot-roll lamination is vacuum lamination. Air inclu-
sions were eliminated by applying the DFR within a high-vacuum chamber.
This processing step was performed inside a substrate bonder (SB6 Wafer
Bonder 1%t gen., SUSS MicroTec, Germany) which acted much similar as a
hot-embossing tool (see the sketch in Figure 2.9(a)). It was more practical to
insert the DFR with the protection foil on a support wafer which was placed
onto the bottom chuck. In the beginning, spacers separated the wafer from
attaching to the DFR layer. At a temperature of around 75°C, the spacers
slipped out and the two chucks moved together under minimum available force.
Figure 2.9(b) illustrates the processing parameters for bonding a ORDYL®
SY 390 layer. Subsequently, the lithography was performed and the wafer was
subjected to a PEB.

ORDYL®SY was chosen for this experiment, since it gives a much better
leak-tight substrate adhesion than the SUEX. The resist was about 15pm
higher than the 80 pm Cu plating. It would have been possible to plate even
higher, but however the electroplated height is limited to the subsequently
bonded DFR. Since the alignment marks were removed through the seed layer

stripping, the foil mask was aligned manually under a microscope and the wafer
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Figure 2.9: (a) schematic sketch of the bonding tool to apply the DFR on the substrate. Wafer
stack from bottom to top: 500 pm support wafer, polyethylene terephthalate
(PET) film, ORDYL® SY 390, (spacers), Cu structures & seed layer, 500 pm glass
substrate, 500 pm support wafer. (b) characteristic parameters of the bonding
process.

was flood exposed. An excellent surface homogeneity of the ORDYL® SY layer
was achieved, which also enables an additional multi-layer application of DFR
by hot-roll lamination.
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2.1 Materials

f "W -t i ]
Figure 2.10: Patterned ORDYL®SY 390 DFR that was bonded on top of electroplated
structures.

Summary

SU-8, and the ADEX/SUEX and ORDYL®SY photo definable DFRs were
selected to remain permanently on the substrate. With the absence of a soft
bake for the ADEX/SUEX, also the maximum process temperature reduced and
it was possible to initiate the cross-linking at temperatures in the range of 50 °C
to 90 °C. The SU-8, ADEX and SUEX photo polymers maintain static stability
of the MR gradient coil assembly and showed limited out-gassing. They either
served as an electrical isolation layer, for fluidics channel routing, alignment
structures or to define the electroplating mould. The use of uncross-linked
DFRs for the fabrication of fluidic networks allowed for a significant reduction

in the process complexity. [142158.159]

For structuring the electroplating mould, photo resists that can be applied with
a resist height of 100 um or even higher were chosen. ORDYL® SY showed
considerably fewer possibilities than SU-8 based resins and is not available in the
required thickness. Optical transparency of these resists was another important
property, to easily monitor the manufacturing process towards multiple layers.
Wapler et al 1] assessed the magnetic susceptibility for the listed polymers
by MRI-driven experiments. He identified those materials to closely match the
magnetic susceptibility of water, making them suitable for MR detectors.
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2 Microfabrication

Also non-permanent photo resists were required and for different purposes, ma-
N 1400 (micro resist technology GmbH), AZ 125 nXT (MicroChemicals GmbH)
and ORDYL® FP 450 (Elga Europe) were evaluated. These photo resists require
to be completely removable without residues, by the aid of organic solvents
or alkaline strippers. However, the aforementioned permanent resists had to
withstand these striping agents. AZ125nXT could only be processed on the
substrate directly, rather it could not be selectively removed from the ORDYL®
SY or the SU-8. All of the listed photo polymers remained their stability when

immersed into acidic chemistry during copper electroplating.

The processing parameters and compatibility of the evaluated resins are listed

in Table 2.1 on the facing page.

54



G4

ORDYL®SY

ORDYL® FP 450

AZ 125 nXT

SU-8 3000

SUEX / ADEX

Type:

Adhesion:

Thickness:
Exposure:*

Soft bake:

PEB:

Development:

Removal:

PVD
seed layer:

Applications:**

negative DFR,
permanent

ot oy iy soda—lime glass
ol borosilicate glass

50-95 pm
135-145mJcm ™2
ol not required

85 °C for 1 min, with the
PET foil on top

2x ORDYL Dev/IPA
3min/3 min/3 min

not tested

iPi® out-gassing in va-
cuum

= Wafer level bonding
= Ink-jet printing

negative DFR,
non-permanent

o Au/Cu seed layer

50-100 pm
650-850 mJ cm 2

ol not required

ol not required

0.8-1.2% Na,CO;, 21°C

1% to 3% NaOH,
55°C, resolves and
swells, removal is com-
patible with resist:

SU-8/SUEX/ADEX

ol vacuum evaporation

= Electroplating mould

on subsequent layers.

Encapsulation of SU-

8 fluidic layers during

processing.

= Protection of Cu elec-
troplated structures.

negative spin-on,
non-permanent

slsd Au/Cu seed layer

125°C

ol not required

3 x AZ Dev 700

1h to 2h mr-Rem 700 re-
solves and swells

not tested

= First
mould.

electroplating

negative spin-on,
permanent

@ soda-lime glass
ol borosilicate glass

95°C
50-90 °C

PGMEA (mr-Dev 600)

not tested

uloé vacuum evaporation

= First
mould.

= Microfludics.

= Ink-jet printing.

electroplating

negative DFR,
permanent

@ soda-lime glass
ol borosilicate glass

ul not required

50-90 °C

PGMEA (mr-Dev 600)

not tested

ulré vacuum evaporation

=  Encapsulation.
= Microfluidics.
= Electrical isolation.

* The lithography dose was extended by a factor of 1.5 to compensate the absorption of the polymer mask (included in the exposure dose value).
- Only the intrinsic use cases, identified for the fabrication steps in this thesis were listed.

Table 2.1: Summary of the most important photo resist systems, identified for the manufacture of miniaturised magnetic field coils.
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2 Microfabrication

2.2 Conductive ink-jet printing on permanent resist

In the following, a metallisation process is shown, which makes it possible to
define highly conductive, interconnected Ag structures on ORDYL® SY without
the need of PVD.[27] |n previous to this research, ink-jet printing of metals has
been driven towards a low-cost (= £300 setup-costs) structuring technique
for the rapid manufacture of functional electronic devices. 61 Particularly in a
laboratory environment, material printers with exchangeable print heads are
used to evaluate the printing behaviour of different inks.

Conductive silver nano particle ink-jet printing was performed using a Dimatix
materials printer (DMP-2831, Dimatix-Fujifilm) with a 10 pL cartridge. [127] The
ink ejection waveform was similar as reported by Meier et al, ['?] but the nozzle
temperature was limited to a maximum of 30°C. Meier has demonstrated

printing of 25 pm wide silver track onto a polyimide substrate.

Wang et al®"] ink-jet printed and cured silver nano particle ink on a polyimide
foil to define flexible, rolled-up micro coils. However, the 50 um thick polyimide
foil blocks i-line exposure and is not suitable as substrate material when
performing the purposed backside lithography (see Section 3.2.1). The curing
of a spin-on polyimide layer in a convection oven requires high temperatures
of 350°C to 400°C.

In here, printing was performed on polymer films, that formed excellent adhesion
towards the printed tracks after sintering. For a photo-structured multi-layer
process using a homogeneous resist combination, SU-8 and ORDYL® SY were
identified to serve as the printing base.['2”] The printing resolution depended
on the surface energy which was precisely adjusted to render sharp edges of
the printed tracks.

An optimised protocol for ink-jet printing of the Suntronic U5603 ink (SunChem-
icals) on SU-8 is given here. Adhesion of SU-8 towards float glass is optionally
promoted by spin-coating Ti-prime (MicroChemicals GmbH) according to the
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2.2 Conductive ink-jet printing on permanent resist

standard recipe. Either a 10 pm layer of SU-8 (SU-8 3010, MicroChem, spin
rate 3000 rpm) or 50 um (SU-8 3010, MicroChem, spin rate 3000 rpm) thick
layer was applied by spin coating and subjected to a soft-bake for approximately
5h at 95°C. After the substrate cool-down (about 2°Cmin~! to 7°Cmin—1),
the SU-8 was flood exposed with an energy of 200 Jcm~2 and subjected to a
PEB.

Accurate ink-jet printing on pre-cured SU-8 coated substrates required a surface
modification step. Oxygen plasma activation was one method to achieve a
temporal change of the SU-8 surface energy. Conventionally processed SU-8
possessed a contact angle @ larger than 75°.[127]

After a moderate oxygen plasma activation at 50 W for 2 min, the contact
angle dropped significantly. Walther et a/[*3"] observed a recovery of the SU-8
surface energy after an oxygen plasma flash. After several weeks, the contact
angle 60 reverted back to 25° to 45°. The approach in here was to accelerate
this recovery by a controlled post baking step. Beginning with a moderate
plasma activation, a hard bake was carried out at different temperatures as
shown in Figure 2.11. The hard bake duration was 10 min and the samples

were dried after each measurement and reused. [127]

[ 1h after plasma [ 10d after plasma ® 10pm SU-8 3010
[ 2d after plasma I 50d after plasma O 50pm SU-8 3050

60° - a -
° i
50° - 2 -

0
8 ¥ I
40° - §
o]
30° - '

- O eO
u]
-
ool [
[ uin|
o0

o
i || ||
110°cﬂ 130°cﬂ 150°cﬂ 17o°cﬂ 190°cﬂ

SU-8 hard bake at different temperatures (°C)

SU-8—-water contact angle © (deg)

Figure 2.11: Measured surface contact angle of de-ionised water droplets on SU-8 for different
hard bake temperatures. (Figure reproduced from [127])
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2 Microfabrication

A number of SU-8 samples were investigated and the projected surface area of
a series of printed silver ink droplets was measured as shown in Figure 2.12.
The surface area that was covered by the droplets within the 10 x 7 grid was
statistically analysed. The droplet spacing for the grid was 88 pm and for the
printed lines, it was set to 22 pm. The lines were spaced centre-by-centre by
88 pm. 1127]

4500 -
(*) SU-8 without plasma

4000 -

3500

3000

[

- ]

1500 -

1000 I“' E

(**) suitable for printing

surface area of sintered silver-ink droplets (pm?)

T T T T T
40° 50° 60° 70° 80°
SU-8-water contact angle © (deg)

Figure 2.12: Silver ink droplet spread versus water contact angle for a pre-treated and (*)
untreated SU-8 surface. Indicated is the range of (**) suitable substrate contact
angles, for which vertical and horizontal lines did not coalesce after printing.
(Figure reproduced from [127])

According to Figure 2.12 and Figure 2.11, the SU-8 surface was adjusted to
water contact angles between 54° to 66° by a plasma activation and subsequent
hard baking step at 160 °C to 180 °C for 10 min.

Nano-particle ink-jet printing on ORDYL®SY required less complex pre-
treatment compared to SU-8.['%7] Clean glass substrates were activated by a
oxygen plasma flash at 80 W for 2 min (TePla, Technics Plasma GmbH, oxygen
flow 500sccm at 1 mbar). ORDYL®SY 317 dry film was applied by hot-roll
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2.3 Copper electroplating

lamination (Polamat UVL 600, Polatek, lamination pressure 2.5 bar, speed
1 mmin~1). 471 After flood exposure with a dose of 200 mJcm~2 a PEB was
carried out on a vacuum hotplate at 70°C for 2 min while leaving the PET
cover film on top of the ORDYL® SY. The protective foil was statically charged
after the removal.['?”l Table 2.2 lists the observed contact angles and the

measurements of transparency for different thermal treatments.

Ordyl SY post exposure bake (PEB) parameters transmission at 360 nm to 380 nm
. L contact ORDYL®SY ORDYL®SY
temperature duration  with/without angle** 317 355
(°Q) (min) PET foil (°) (%) (%)

70°C 2 mi ith” ° to 57°
0 min w % tod 80% to 89 % 59% to 78%

70°C 2 min without 58° to 61°
100°C 5 min without 64° to 68° 81 % to 89% 66 % to 83 %
180°C 20 min without 66° to 68° 89 % to 92 % 76 % to 85 %

The PET film was removed shortly before measuring the contact angles.
Measured contact angles of Ordyl SY317 and SY355 were similar.

*x

Table 2.2: ORDYL® SY PEB parameters with respect to the measured water contact angle
and optical transmission at the indicated wavelength.
(Table reproduced from [127])

The PET protection foil on the ORDYL® SY was peeled off just before printing.
However, it was advantageous to keep the PET protection foil on top of
the ORDYL®SY, to preserve the surface from contamination. After the ink-
jet printing process, the silver structures were sintered at 180 °C for around
20 min. [127]

2.3 Copper electroplating

Electrodeposition is one of the most widely used deposition techniques to
produce low-expense, high purity, non-porous metal layers. The amount of
deposited material can be estimated precisely. However, numerous process

variables are based on empirical findings.
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2 Microfabrication

Faraday's scientific findings suggest that, the amount of electrochemical reac-
tions in a electrochemical cell are proportional to the quantity of electric charge
Q through the substance.[1%2] For the deposited weight w at the electrode in
electrolysis, Faraday's law states the relationship,

w=Z7-Q, with Q:/idt. (2.1)

The constant of proportionality is Z which is known as the electrochemical
equivalent and is calculated from the molar mass of the substance, divided by

the number of valency ions and the Faraday constant,

/=

: 2.2
7 (22)
M is the molar mass of the substance, z; the valency of the ion and F the Faraday
constant of 96.485 - 103 C mol~1. If a Cu*salt is involved in the deposition, the
valency number of the ion z; is 2. From Equation (2.2), Z .+ follows a value

of 3.293 - 10~* g mol~? for the copper molar mass Mc, of 63.546 g mol 1.

The deposit thickness in an anisotropic plating process can be predicted, if the
area A of the plating seed is know. From Equation (2.1), Equation (2.2) and

the volumetric mass density relationship, the deposit thickness h follows,

M .

The composition and monitoring of the electrolyte is critical in the electroplat-
ing process. In other publications electrolytes without commercially available
additives were used. 193] The characteristic copper plating is affected by the
concentrations of copper salts, additives, free acid, temperature, current density
and electrolyte movement. 164 Electrolyte additives affect the surface quality
and performance at levitated current densities. Various publications!105-167]

suggest for instance the use of polyethylene glycol (PEG).The PEG inhibits
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2.3 Copper electroplating

the deposition with respect to an overpotential at which the current density

rises rapidly.

In here, the electroplating bath was based on the Cuprostar LP-1 electrolyte
system (Enthone-OMI GmbH) which is generally used for PCB fabrication.
Figure 2.13(a) illustrates the surface quality with the Cuprostar LP-1 electrolyte,
and a plating test before adding the Cuprostar LP-1. The plating area was

~ 25cm? and the current density was 2 Adm~2 with the magnetic stirrer set

to 500 rpm.

E

2

£

9

0.0 T T T T T T T T
1 2 3 4 5 6 7 8
x-position in Hull Cell (cm)

T T T T T T T T
5.1 35 2.6 19 1.4 1.0 0.7 0.4

(b) current density (A-dm?)

Figure 2.13: (a) difference of the surface quality of the electrolyte with (left, measured
weight 1.04g) and without (right, measured weight 1.12g) the addition of
Cuprostar LP-1. (b) 250 mL Hull-Cell experiment of the electrolyte including
the Cuprostar LP-1, at ambient temperature, displaying the roughness of the
deposited layer.
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2 Microfabrication

A batch of 5L aqueous electrolyte was composed of 393 g Copper(ll) sulfate
pentahydrate, 550 mL H,SO,, 0.4g NaCl and 12mL Cuprostar LP-1. The
electrolyte allows plating at room-temperature at current densities up to
3Adm~2.[21 At too high current densities, the roughness of the plating
increases as observed in a Hull-Cell experiment, shown in Figure 2.13(b). [168]
With the Hull-Cell, the cathode is arranged at an angle which provokes a
variation in the current density in order to determine the efficiency of the
electrolyte. The plated film gives information about the working range of the
electrolyte.

Heating of the electrolyte to 40°C allowed plating at current densities of
40 mA cm~2. It is possible to achieve a electrical conductivity of 57.4 - 10° Sm~!
of the plated structures. 1% The following parameters of the Cuprostar LP-1
plating bathe was determined. The Cu content of 24.94 gL ~! was determined
by titration and a sulfuric acid content of 192.815g L1 was examined. The
electrolyte had a density p of 1.196 kgdm—3, measured by a hydrometer at a
temperature of 23 °C.

The Cu was electroplated with DC-current by using a self-constructed bath and
a custom-made 8-channel bipolar current sink as shown in Figure 2.14. Multiple
current outputs allows to electroplate in batch, to increase the production
volume within the framework of the self-built laboratory-type electroplating
setup. The electrolyte was immersed into standard beaker glassware, 7% and
placed on a magnetic-stirred hot-plate. Sacrificial copper anodes per purchased
(phosphorus content of 0.04 % to 0.06 %, Galva-Metall GmbH, Rédermark)
that were cut in shapes of 150 mm x 120mm x 10 mm. The anodes were
scrubbed to remove oxidisation and were wrapped into polypropylene filter bags
(PP8935, Winkler Filtration Technology GmbH). The filter retained copper
particles larger than 20 pm and prevented those from plating. The immersed
anode area was adjusted to fit 4" substrates. Since the copper anode did slowly
dissolve in the absence of an applied plating current, it was removed from the

bath when no plating was performed and stored in a 10 % H,SO, solution. 121
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2.3 Copper electroplating

Figure 2.14: Cu electroplating setup to perform the copper deposition on 6 substrates in
parallel. (Figure reproduced from [121])

The holders to keep the anode and the substrate accurately in place were
fabricated out of PMMA. The PMMA parts were fabricated via laser-cutting
(VLS2.30, Universal Laser Systems Inc.). The chemical and mechanical stability

of the holder was improved by a post annealing process after laser cutting. [171]

For accurate control of the plating current and timing a digital adjustable
bipolar precision current sink was developed. Figure 2.15 illustrates the concept
and electrical setup of the galvanic cell. With a single anode connected to
common ground potential, the two subjected cathodes were coated at the
same time. In the present configuration, both cathodes were tied to a negative
potential by the bipolar current sink.
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cu2+

Cathode 1
y
Cathode 2

B0

Anode

Figure 2.15: Concept of the electroplating system.

The output current was regulated by the LT1990 operational amplifier (OP-
AMP) which acts much similar as a Howland current source.}7? Since con-
ventional OP-AMP are limited in their output current, additional components
were added to boost the output current of the LT1990.173 Primarily, two
bipolar junction transistors (BJTs) were necessary to build up a push—pull
class-B common-emitter follower. 174 The circuit was used for constant cur-
rents with the electrical resistance through the galvanic cell, smaller than a
few Q. However, the slew rate is additionally reduced by the boosting BJTs.
The two isolated DC/DC converters supply the 12V supply for the individual
sinks (see Figure 2.16). Heat sinks and a fan were added to maintain thermal
stability during long therm electroplating.
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2.3 Copper electroplating

Cooling Fan

Isolated Power Supply
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Figure 2.16: Multi-channel BeagleBoneBlack (BBB) electroplating current source cape.

As shown in Figure 2.15, the voltage drop across Rsense is proportional to the
cathode current and regulates according to the input voltage set by an external
digital-to-analog converter (DAC) that was controlled over serial peripheral
interface (SPI) (DAC8568, Texas Instruments, USA)!*75]. The current through
the galvanic cell is sensed by Rsnse and the OP-AMP adjusts the current such
that the output current is always Yoac/R..... The digital control was carried out

by a BBB based on a python script with online web-based monitoring. [176:177]

The zero point of the current source was adjusted manually in the BBB. With
respect to the resolution of the DAC, a quiescent current smaller than 48 pA
remained after calibrating against a 2.5 resistor. However, within the actual
application, currents in the mA range were used, such that this quiescent
current was neglected and not further optimised. The output current was
linearly adjusted by factors of 1.0072 to 1.0028 with respect to the DAC input
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2 Microfabrication

voltage, to achieve an accuracy much better than 1%. The current output
precision completely fulfilled the requirements for the electroplating. However,
the output current was limited to 250 mA. Since each current sink was operated
independently, multiple of the current outputs could be connected in parallel

and thus the total output current added up.

The plating voltage drop through the galvanic cell was monitored indirectly
by three 3-channel ADC (ADS1112, Texas Instruments, interfaced over Inter-
Integrated Circuit (12C)).[1781 As illustrated in Figure 2.15, the voltage divider
was biased using the internal 2.5V reference voltage of the DAC. In such a
way, the bipolar voltage span through the galvanic cell was linearly adjusted
to adapt with the positive input voltage range of the ADC. This was adapted
to the unipolar output range of an ADC by means of the available internal
reference voltage of the DAC.

The output of the current sink is fully galvanic isolated, and may also be

applicable for controlling the shim current in the NMR experiment.
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3 Process evaluation

In here, two application specific examples are outlined to identify and foster
the processing steps for the fabrication of the micro gradient. Preliminary to
this thesis, a field gradient coil was constructed that was composed out of wire
bonded conductors. 17918 The thermal stability of this field coil was examined

within the context of this work.

Section 3.2 discusses an application to define rectangular micro coils based on
an ink-jet printing process. '8l In MEMS technology, high-aspect conductive
micro structures are generally patterned by electroplating. For the presented
Tx/Rx micro coil, electroplating was used to increase the electrical conductivity
of the printed silver tracks. To allow for anisotropic Cu plating, an electroplating
mould was formed by backside lithography into a permanent negative resist. [182]
With the printed tracks acting as the mask, lithographic shadow masks were
therefore not required in this rapid manufacturing process.

3.1 Wire bonded magnetic resonance gradient coils

Within the past years, automated wire bonding had been further developed to
a key technology for the rapid fabrication of solenoid micro-coils. Automated
wire bonding is characterised by its high reproducibility and manufacturing
efficiency to define miniature MR field coils. [*454183] One of the first wire-bond
(WB) gradient systems was reported by Fischer et al.[*8%] However, Fischer

did not highlight the operational parameters, field orientation and fabrication
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3 Process evaluation

precision of the illustrated on-chip gradient coil. In order to verify the feasibility,

a WB gradient coil was built using refined methods.

The WB process was previously used for applications in NMR, to fabricate
perfect solenoid micro-coils. More complex coil designs can only be constructed
by a set of sophisticatedly placed alignment structures. The bond wire is
generally wound around a polymer support structure. With a precisely adjusted
bond head trajectory, also air-coils with freestanding conductors have been
fabricated. [184]

A micro manufactured x-, y-gradient system can be realised by several straight
aligned, WB conductors, embedded into photo-definable permanent dry film
resist (DFR) as shown in Figure 3.1. The Anderson!’”l y-axial linear shim

- T T o s
(@) (v) (© @ (@)

Figure 3.1: WB gradient coil fabrication process. (a) structuring of Au bond pads by elec-
troplating. (b) lamination and lithographic structuring of a bond plateau and
alignment channels. (c) finished alignment channels. (d) automated Au wire
bonding. (e) encapsulation of the wire bonded conductors.

coil design turned out as a suitable model to implement the gradient coils on
bi-planar substrates (see also Section 1.4.2 on page 22).

The clean-room based fabrication started on a bare Borofloat 33 wafer. The
substrate was metallised by a seed layer based gold-electroplating using the
standard AZ9260 resist (Microchemicals GmbH, Ulm), to pattern the WB pads
and electrical supply tracks. A 250 pm thick SU-8 layer (SU-8 2150, Microchem,
USA) was spin-coated and photo-structured to add an offset that facilitated
the bond wire alignment. Within the same lithography step, cooling channels
were patterned into the SU-8 resist. A photo-definable 50 pm PerMX 3050
DFR (DuPont) was added to define WB alignment channels. Insulated, 25 pm

68



3.1 Wire bonded magnetic resonance gradient coils

thick gold-wires were routed inside the alignment channels and bonded to
the opposing pads by utilising an automatic WB machine. During the entire
bonding process, it was required to keep the wire under tension while keeping
the bond tool in close proximity above the channel.

To fix the WB conductors entirely, another dry film resist layer was laminated
on top. As shown in Figure 3.2(a), perpendicular alignment channels for the
x-gradient were already defined into the top encapsulation layer. After the
encapsulation step in Figure 3.1(e), the process was repeated to position the
90° rotated x-gradient conductors. To complete the miniaturised gradient
system, two chips were assembled in a flip-chip configuration as shown in
Figure 3.2(b). The manufacturing process was verified optically and a variation
of the conductor positions of 17 pm to 36 pm was determined.

(b)
Figure 3.2: (a) bond wires aligned into micro-channels with top encapsulation. (b) flip-chip

of the WB gradient system using a two component epoxy resin.
(Figure reproduced from [179])

The resistivity of the approximately 8 mm long bond wires measured 0.398 2 to
0.421 Q. The thermal stability was examined with a thermal camera as shown
in Figure 3.3. There was significant lower heating in proximity the bond pads,
especially when no liquid cooling was in progress. During active liquid cooling,
the bond pads did heat-up, since no cooling channels were routed within that

area.
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Figure 3.3: Thermal analysis of the WB single layer gradient system, with and without active
liquid cooling.

The bond wire can be driven by a static current of 400 mA which respectively
results in a gradient strength of approximately 0.8 Tm~1!, causing moderate
heat-up to the package. Furthermore, the individual conductors can be driven
independently to provide fine-tuning of the induced field, as well as field

focusing.

Given the limitations of the bond wire thickness and the resulting current
carrying capacity, it was focused on an electroplating process to implement field
coils with a higher electrical conductivity. Wire bonding is a rapid manufacturing
technique, but it is limited in defining round traces or arbitrarily curved patterns.
Patterning of curved tracks was essential for the 2D bi-planar target field design

of the here proposed micro gradient.

3.2 Mask-less micro coil fabrication using ink-jet
printing

In this section, a mask-less fabrication technique to manufacture rectangular
micro coils is described. This technique combines printing of metal ink with UV-

LIGA patterning. '8l Such a mask-free patterning method allowed for direct
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3.2 Mask-less micro coil fabrication using ink-jet printing

structuring of coils on a transparent substrate without the need of additional
lithographic shadow masks. However, the fabrication technique had a strong
influence and induced possible design limitations for the realisation of some

specific MR microcoils.

Therefore, the coil design needs to be specially tailored to the manufacturing
tolerances for ink-jet printing. A planar single loop coil shape is the simplest
for ink-jet printing a coil. They can be either screen or ink-jet printed, with
the benefit of directly obtaining a fairly thick and conductive track through
screen printing or having the option of easily changing the shape, but getting

thin conductive layers using ink-jet printing.

The here described process involved silver nano-particle printing and sintering,
electroplating mould structuring and micro-electroplating. 2] An overview
of the individual processing steps is illustrated in Figure 3.4. Direct printing
of silver nano particle on bare soda-lime float glass (AGC Glass EUROPE,
thickness 550 pm) or boro-silicate glass did not exhibit sufficient adhesion when

subjected to wet processing.

glass @» ORDYL®SY orSU-8 @ copper @B silver-ink

Figure 3.4: (a) direct, drop-on-demand silver nano-particle printing. (b) sintered, conductive
silver tracks. (c) thick-film permanent photoresist deposition. (d) backside
exposure and resist development. (e) fabricated electroplating moulds. (f) copper
electroplating. (Figure reproduced from [127])
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As a printing base, substrates were pre-coated with SU-8 or ORDYL® SY DFR.
The adhesion of the two polymers on the glass substrates was enhances by
a wet-chemical cleaning process using piranha etch solution. Residues and
particle were removed by quick-dump-rinsing (QDR), which followed spin
drying and dehydration in an oven at 200 °C for 2 h. These polymer films act as
adhesion promoters and were applied respectively throughout the electroplating
mould structuring and encapsulation (Figure 3.4(d) and Figure 3.4(e)). The
preparation of the two photo polymers for ink-jet printing was already described
in Section 2.2 on page 56.

The silver nano particle ink (Suntronic U5603, SunChemicals) was printed
with the Dimatix materials printer onto the negative photoresists, defining the
shape of the conductive tracks. After printing, the ink was sintered and thereby
formed up a solid, electrically conductive and optically opaque tracks. SU-8 as
a printing base required a higher sintering temperature at around 230 °C for
25 min, such that the tracks did properly adhere to the polymer. In fact, this

temperature was above the glass transition temperature T, sy.g > 200°C. (123]

Sintering the metal ink on the ORDYL®SY printing base was performed
at a lower temperature of 180°C. An increase in optical transmission 148l
and extended out-gassing of ORDYL® SY was observed during the sintering.
However, such a thermal penetration resulted in a weight loss of around 4 %
to 5% (compare with Figure 2.3). Wet development was not required for both

the polymers, since the entire resist layer was exposed and cross-linked.

3.2.1 Plating mould fabrication by back-side lithography

The printed tracks were sufficiently dense and resolved to be used as a shadow
lithographic mask. Therefore, another resist layer of SU-8 or ORDYL® SY
was applied on top of the silver tracks to structure the electroplating mould.

Dehydration and oxygen plasma activation were performed to enhance the
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3.2 Mask-less micro coil fabrication using ink-jet printing

resist wetting. It was possible to spin-coat or laminate above the approximately
500 nm thick silver printed tracks without the risk of getting air-bubbles trapped.

To achieve a higher SU-8 layer thicknesses than with the aid of spin-coating,
SU-8 can also be dispensed statically while the substrate is heated to 65°C
to 70 °C. However, ticker SU-8 layers require a longer soft-bake duration and
slower hot-plate ramping. Rapid heat-up to 95 °C for the soft bake caused the
solvents to evaporate quicker which resulted in dents similar to an orange peel,

distributed all over the whole resist layer.

Fabricating the electroplating mould into an ORDYL®SY layer was more
practical and was achieved by hot-roll lamination. Successive lamination of
two layers of ORDYL®SY 355 resulted in a total resist height of 100 pym.
For a successful lithography, the transmission behaviour of the ORDYL® SY
355 printing-base must be adequate enough and the exposure dose had to be
adjusted accordingly. Recorded transmission spectra are illustrated in Figure 3.5
with the respective wavelength indicated at 365nm. A 180°C cured ORDYL®
SY 355 on the substrate resulted in a reduced transmission of 70 %.

As shown in Figure 3.4(d), the lithography was performed through the rear,
through the substrate. The printed tracks cast a shadow onto the top resist
layer that prevented the resist to cross-link there. Exposure with an i-line
filter was done using a mask aligner (MA6, SUSS MicroTec, Germany). Since
no predefined mask was used, exposure was possible with any collimated
light source. No mask-holder was installed within the exposure system, and
consequently no wedge error compensation (WEC) was performed. Thus, no
pressure was applied to the delicate glass wafer during exposure, which also
allowed the use of thin glass substrates with thicknesses below 100 pm.

An anti-reflection foil (Spectral Black, Acktar Ltd.) was placed below the
resist to decrease UV-light back-reflection from the wafer chuck. With no
anti-reflection foil, the photoresist did cross-link directly above the reflective
silver tracks, and the result was a thin electrically isolated resist layer above
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Figure 3.5: Transmission spectra recorded for different ORDYL® SY 355 printing base ma-
terials (Varian UV-VIS-NIR spectrophotometer).

the silver tracks that prevented the electrodeposition. An exposure series was

performed to adjust the required exposure energy.

An approximately 200 pm thick SU-8 layer was exposed with a dose 250 mJ cm 2.
After the PEB, the structures were development in PGMEA for 15 min to
20 min in a mega-sonic bath. One example of a fabricated SU-8 electroplating

mould is illustrated in Figure 3.6.

As the interface to the cured resist (previously called printing base) was
exposed with the incident energy by means of using the back-side (BS) exposure,
enhanced adhesion of the electroplating mould was thereby achieved. In contrast,
for the purpose of sufficient resist adhesion on borosilicate glass substrates, an
extended exposure dose by a factor of 1.2 to 1.5 was required when processing
SU-8 with conventional front-side (FS) lithography.
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3.2 Mask-less micro coil fabrication using ink-jet printing

K

Figure 3.6: Electroplating mould fabrication by back-side (BS) exposure into SU-8 with a
targeted thickness of 190 ym to 210 pm. (Figure reproduced from [127])

The double laminated ORDYL® SY 355 (100 pm) resist was exposed with an
exposure energy of 95mJcm™2 to 105 mJcm~2. Figure 3.7 illustrates the elec-
troplating mould from an ORDYL® SY DFR. The mould structures (gray/black)

print direction
-->

Figure 3.7: 100 pm high ORDYL® SY plating moulds. (Figure reproduced from [127])

were not metallised for the SEM and therefore appear in visual contrast to
the printed silver tracks (white).*?”l Trenches of 80 ym and freestanding resist

structures were accurately resolved.
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3 Process evaluation

The printed tracks were in direct contact with the photoresist and so the quality
of the pattern did not degrade by diffraction or Fresnel-reflection. The silver
tracks fulfilled a twofold function without demanding separate masks including
alignment steps, thus cutting down processing complexity. The principle of
the backside exposure was comparable to the self-aligned doping process in
joint-gate CMOS technology, where the gate-structure masks the depletion
region. As reported by Robinson et al,[!8% the edges of the source and drain
region were rendered consistently with the overlap of the gate. In this way, only
a single mask defined the channel length. Much similar as the gate electrode
remained as a functional element, also the printed tracks remained permanent
on the substrate and supplementary served as the plating seed for the Cu

electroplating.

3.2.2 Copper electroplating of the micro coil

The achievable layer thicknesses by the ink-jet printed layer was in the range
of a few hundred nm which was far too thin to compensate for the skin-effect
in RF applications. Now the electroplating step, therefore, created an extruded
version of the planar printed tracks out of solid copper. Electroplating was
carried out using the electrolyte Cuprostar LP-1 as described in the previous
Section 2.3.

The pre-diced substrate with the coil structures had a size of 2cm? x 2.cm?
with an effective plating area of 2cm?. Similar to the wetting problems during
ink-jet printing (Section 2.2), insufficient electrolyte wetting leaded to trapped
air bubbles within the electroplating mould. If air bubbles were trapped, local
inhomogeneities of the thickness or voids occured in the deposited layer.

To reduce the surface energy, an oxygen plasma activation was not carried
out. Experiments have shown that even a week plasma activation at 80 W
oxidised and physically etched the printed silver tracks. As a countermeasure,

air-bubbles were removed in a vacuum chamber with the substrate immersed
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3.2 Mask-less micro coil fabrication using ink-jet printing

in the electrolyte or by releasing the air bubbles manually with the aid of a
microfiber swab.

electroplating contact pads

Figure 3.8: An undiced glass substrate with an electroplated coil structure including feed
tracks. (Figure reproduced from [127])

For the deposition of a 100 um thick copper layer, electroplating was carried
out at a current density of 4 Adm~2 for 110 min. The electrolyte was heated to
a temperature of 40 °C and the printed silver seed tracks retained their strong
adhesion to the substrate, see Figure 3.8.1'27] The height of the plated tracks
was defined by the resist thickness and rendered the shape of the underlying
silver tracks.

3.2.3 Electrical passivation and interconnect fabrication

Multi-turn planar coils require an inside-to-outside interconnection, in order to
electrically connect the inner winding to the feed tracks. 182l Such structuring
was done on an additional layer. On the subject of an entirely mask-free
process, again ink-jet printing was employed to structure vertical interconnect
access (VIA) openings, and to print and electroplate a bridge structure. The
interconnection required adequate conductivity to build up a high quality RF

resonator.

Figure 3.9 illustrates the process flow and extends the single layer electroplated
coil from Figure 3.4.
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(b)

(d) (e) (f)

glass ‘ ORDYL®SY or SU-8 . copper
. silver-ink . opaque ink

Figure 3.9: (a) passivation of the electroplated structures via lamination of photo-definable
dry resist. (b) ink-jet printing of a wet removable optically opaque mask. (c) front-
side (FS), flood exposure. (d) developed passivation layer, showing the VIAs.
(e) silver ink-jet printing of the interconnect seed layer. (f) Cu electroplating to
reduce the electrical resistance of the printed interconnect.

(Figure reproduced from [127])

The existing ORDYL® SY layer was first cleaned by an oxygen plasma (approx-
imately 80 W for 10 min) and a 50 ym ORDYL® SY 355 layer was applied by
lamination. Thinner ORDYL®SY laminates with a thickness of 17 ym were
also tested but did not fulfil the requirements to compensate inhomogeneit-
ies or accumulated copper-spikes from the previous electroplating. After the
lamination the substrate was soft-baked for 2 min at 75°C.

The PET cover film was not removed and served as a removable base to
print an opaque mask, in order to define the VIA openings. Black Lumocolor®
marker ink (type 48523, Staedtler) was filled into a 1pL Dimatix cartridge.
The waveform used to print the Lumocolor® ink is shown in Figure 3.10. Four
jets were used for the printing and the print-head was positioned at a height of
0.8 mm above the substrate. After several days of inactivity, the nozzles of the
Lumocolor® filled cartridge dried-up but it was possible to clean them using

acetone for repeated use.
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Figure 3.10: Dimatix printing waveform for printing the Lumocolor® ink.

The location where the opaque marker ink was printed was precisely adjusted
by the stage of the printer, as shown in Figure 3.11(a). The marker ink dried
instantly and the substrate was flood exposed with an exposure energy of
150 mJcm—2. The PET foil was removed, and a PEB was performed.

of the Dimatix Printer showing the deposited, black Lumocolor permanent
marker ink. (b) exposed and wet developed VIA openings. (c) ink-jet printed
and sintered interconnect at 180 °C between the two VIA openings. (d) further
electroplating of the VIA openings and printed interconnection.

(Figure reproduced from [127])

By peeling the PET cover film after the lithography, the ink removal by using
solvents was superfluous. The un-crosslinked resist, which was masked by the
deposited ink was removed in ORDYL® SY developer (see Figure 3.11(b)). The
bare VIA openings were further topped-up with Cu in order to adjust the height
of the plated copper to the ORDYL® SY.
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3 Process evaluation

In a subsequent step, the two VIA plateaus were interconnected by printing
a track of silver nano particles. Since the electroplating of the VIAs was
performed at 40°C, a narrow gap opens between the ORDYL® SY resist and
the Cu plateau, after cooling down to room temperature. A small amount of
silver ink seeped into the gap and resulted in an increase of the resistance
of the printed track as shown in Figure 3.11(c). The resistance of the track
reached a few hundred Q.

It was still possible to further electroplate the partially transparent track as
shown in Figure 3.11(d). The resistance of the interconnection was reduced to

10 mS2 by electroplating to a height of approximately 50 pm.

Due to the line-by-line based printing process, high resolution printing and
structuring was restricted to rectangular patterns. Path-based movement of the
print head could have enabled curved patterning, which is mostly common in
fused deposition modeling (FDM) 3D printing. In the laboratory setup, the yield
was reduced by nozzle blocking which resulted in unpredictable printing defect
(Figure 3.12(a) and (b)). Nozzle blocking was caused by the accumulation of
silver nano particles and can be decreased by occasional nozzle cleaning during

printing. However, each cleaning cycle resulted in a loss of ink.

The reliability of the ink-jetting nano particles was critical and also influenced
the subsequent processing steps. For instance changes in the effective silver
printed area also altered the parameters for the electroplating and lead to
a mushroom shaped overplating. Some other processing circumstances are
presented in Figure 3.12.
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3.2 Mask-less micro coil fabrication using ink-jet printing

Figure 3.12: Common failures during processing by ink-jet printing of silver nano particles,
which resulted in unpredictable defects. (a) nozzle blocking. (b) electroplated
ink blots, but the VIA opening were successfully structured. (c) ink blur in the
ORDYL® SY surface. (d) electroplated ink blur and vacancies in the ORDYL®
SY laminate. (e) & (f) air bubbles that were trapped during the lamination.

3.2.4 RF characterisation

Eleven micro-coils from three different fabrication batches were electrically
characterised. The DC resistance was measured by four-terminal sensing and
values in the range of 35 m{2 to 45 mQ with a mean value p of 38 m$2 and
standard deviation o of 3.7 mQ were obtained.['?”] The influence of the solder
connection from the test-board to the printed micro-coils was included in the

measured DC resistance.

To evaluate the reproducibility of the process, eleven coils from three different
fabrication batches were characterised by measuring the 1-port, S11 return loss
(E5071C ENA Series network analyser (NWA), Agilent). For all the coils, a
self-resonance frequency in the region of 955 MHz +15 MHz was measured. [127]
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3 Process evaluation

For the acquired frequency range, up to the self-resonance frequency of the

coil, the quality factor @, of the coil was calculated by the following equation,

:271'7('[_:@ (3.1)

QL A ?

The calculation of the impedance from the S1P scattering parameters!18l
was post-processed using scikit-rf, an open-source Python package for RF &
Microwave applications. Figure 3.13 shows a plot of the frequency dependent
quality factor. For targeting its application in MRI, the fabricated coils measured
a quality factor of 28 to 31 at 500 MHz.
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Figure 3.13: Frequency dependent quality factor and frequency dependent resistance. Dis-
played is the mean value from a measurement of eleven coils.

The printed micro coil was subjected to an MR imaging study which is further

discussed in Section 7.1 on page 164.
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4 Micro gradient design

This chapter describes the design process of the miniaturised gradient chip.
Two different gradient configurations were considered, a uni-axial and a tri-axial
gradient coil design. The explosion view in Figure 4.1 shows the design concept
of the tri-axial gradient assembly with integrated micro fluidic cooling channels
that were placed between the gradient coil layers. The flip-chip design was
extended with a Tx/Rx micro coil to compose the MR imaging unit. [87]

The chip stack-up can be categorised into three different structural sections.
Much similar to the printed circuit board (PCB) technology, there were conduct-
ive and electrically isolating layers. In addition, the chip’s sandwich-structure
embodied hollow features that were separated from the conductive elements,
to route micro fluidic cooling channels. Throughout the entire layer stack, VIAs

were necessary to built up electrically connected coil loops. [187]

As illustrated in Figure 4.1, the entire assembly was composed of two indi-
vidual chips, where each single chip embedded two, bi-planar copper layers to
define the gradient coils. In general, more than two coil layers or additional
coil windings could provide a higher gradient efficiency or an improved field
homogeneity. [ On the contrary, supplemental coil layers, e.g., shielding coils,
would consequently increase the thermal dissipation of the entire assembly, and

would also constrain the capacity of the cooling system.

The gold standard in human body MRI scanners is active liquid cooling.
However, a liquid cooling system implies the risk of leakage with related
reliability issues. To reduce the processing complexity, only one layer within the

layer-stack was subjected for placing the cooling channels. For circulating a
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Figure 4.1: Design concept of the gradient flip-chip. (a) flip-chip assembly of the micro
gradient with the highlighted cooling connections. (b) explosion view of the
major chip components.

coolant in proximity to the gradient coils, two different variants for routing the
liquid cooling channels were considered. With the MipcooL design, the cooling
channels were placed between the two gradient coil layers. The TopcooL design
variant added the cooling above the gradient coils, and this concept was later
derived. For the two different cooling variants, separate mask sets were defined.
It was focused on de-ionised water (DIW) as coolant, which has a sufficiently
high dielectric strength. The fluidic delivery should not be located above the
sample in the By direction to limit susceptibility mismatch, which could not

be avoided completely for the tri-axial design.

The BotTomCHIP, on which the assembly was based on, included the primary
current connections to drive the gradient coils and contained the fluidic in- and
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4 Micro gradient design

outlets. Hence, these external connections consumed most of the chip space
and consequently the lateral length of the quadratic BoTToMCHIP reached

14.6 mm x 14.6 mm in size.

The TopCHiP was designed with a smaller footprint, with a side length of
8.8 mm. 187l |t was finally attached above the BoTToMCHIP by the use of glass
spacers. The purpose of the glass spacers was to maintain an accurate separation
gap between the gradient bi-plates. Such a flip-chip underlies a similar assembly
concept as implemented in previous research involving comparable glass based
MEMS build-ups. [148.183]

Obviously, the size of the gradient pattern was the crucial design parameter
since the coil pattern consumed most of the chip area. For mechanical stability,
the coils were embedded into SUEX epoxy DFR. Another objective was to
decrease the effective chip area, to further minimise mechanical stress between
the resist layers and the substrate.[13!] Based on the processing experience of
previous research, the entire chip outline, including the fluidic and electrical
connectors, should be smaller or similar to the size of the micro-fluidic NMR
probe, presented by Meier et al.!®¥ In here, it was focused on a gradient pattern

of a maximum size of 5.6 mm x 5.6 mm.

The spatial dimension of the imaging region or region-of-interest (ROI), also
referred in here as the target field region of the gradient, was chosen to
accommodate the size of an elongated nematode. One target specimen was
the caenorhabditis elegans (c. elegans) which measures in the adult state
a maximum length of 1mm and a diameter of 50 ym to 80 um.['8] The
intended use-case for such a small sample promoted the construction of the
here presented, very compact NMR imaging probe.

One principal design objective was to allow the positioning of the gradient
flip-chip in an orthogonal, and likewise in a parallel orientation with respect to
the direction of the main magnetic field By. Since it was unclear where the
development would lead to, a symmetrical chip design was considered that
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4 Micro gradient design

permitted the positioning in both directions. The electrical connections were
also designed in such a way to be compatible for both the chip orientations.
For the two different orientations and for changes in the bi-plate separation, it
was required to adjust the gradient design, and therefore two different mask

sets were developed simultaneously.

To minimise design errors while handling the extensive layout complexity,
the major design elements, such as the gradient coils and fludic channels,
were drawn by parametric scripts. The layout was created in Klayout (http:
//www.klayout.de, a layout editor maintained by Matthias Kéfferlein) and
was structured by a hierarchical set of individual parametric design cells. The
Python-based scripting environment in Klayout and the very popular SciPy 189

toolbox were used to facilitate spline interpolation and geometric calculations.

4.1 Uni-axial z-gradient

Regarding the magnetic susceptibility, the alignment of the chip with the main
magnetic field is favourable. 87! Previously, Ryan et a/!1%% investigated different
shapes of vertical aligned sample containers using NMR techniques. In addition,
Ryan modified the cross-section and implemented passive shimming structures
to enhance the magnetic field homogeneity further. The findings confirmed

that a vertically positioned sample container is preferable.

Figure 4.2 illustrates the assembly concept and the coil patterns that were used
for the first fabrication prototype. It was focused on an uni-axial z-gradient
design where both of the coil bi-layers contributed to the gradient field. The
pattern of the uni-axial gradient was designed in collaboration with Peter
While, 1871 and the design routines were based on the minimum power stream-
function design method derived from Forbes et al.['% The design method was
further refined and extended by While et a/[193192] by applying his optimised

genuine-minimum-power design method.
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Figure 4.2: Orientation and dimensions of the z-gradient chip assembly. The figure presents
the major components with the bi-plates oriented in parallel with By. (Figure
adapted from [187])

The two coil layers were parameterised in terms of the current density distri-
bution on the planar chip surface (B = C = 2.8 mm), in order to achieve an
extra strong gradient field. The computed coil patterns are illustrated on the
left and right side of the sectional view in Figure 4.2. The current density dis-
tribution was optimised to exhibit minimum power dissipation while producing
a gradient field within the ROI with an average error of 1 %.[*87] These field
errors correspond to the fields generated by continuous current densities, which

was before the discrete coil windings were extracted.

It was inevitable, that the process of discretisation of the gradient contours
resulted in a higher field error when compared to the continuous case. When
discretised into contours that represent the coil windings, this average field
error increased to 3% for a single plate. Furthermore, the nested contours
had to be connected in series, which introduced a degree of asymmetry to the

87
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final winding patterns (see the gradient patterns in Figure 4.2). Hence, the
gradient efficiency and average field error of the fabricated coil was expected

to be inferior to the theoretical design.[187]

For the genuine-minimum-power method, the choice of the number of coil
windings was made prior to the optimisation and therefore resulted in different
coil winding patterns. Considering the number of windings and based on the
previous investigations of the photoresist materials, the minimum conductor
spacing was set to 85 pm, to be compatible with the selected ORDYL® FP 450
DFR. It was enforced that no windings were produced that cross the boundaries
of the plates, in order to create closed contour loops.

In the first design approach, the single-axis micro-gradient was specified for
a target field in x- and y-direction of 200 pm (ROl, ,), that extended along
the z-axis by 2mm (ROI,). A picture of a fabricated prototype wafer is also
shown in Figure 5.1 on page 109. The coil windings on each bi-plate were
defined, such that each plate occupied nearly identical coil patterns, for the
four coils in the entire stack. On one coil, the current spirals inwards and was
then connected to the second coil in the centre, where it spirals in reverse, back
out again. The coil pattern creation process is further described in Section 4.2
on page 93.

Within the first prototype as shown in Figure 4.2, there was very little space
around the central streamline to fit the interconnecting VIA. As a result, the
central VIA was designed too small and it was not possible to establish a
sufficient electrical contact between the two coil layers. Consequently, the

constrained VIA position would have also added additional field distortion.

Since the gradient coils are switched at high currents that cause power losses,
effective cooling becomes a challenge. As previously mentioned, two different
liquid cooling concepts were considered. For the first fabrication prototype, it
was focused on the MibcooL design and Figure 4.3 illustrates a preliminary

evaluation.
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4.1 Uni-axial z-gradient

Figure 4.3: Selected pictures from a video recording showing the self-filling of the fluidic
micro channels.

Self-filling of the rectangular micro-channels was tested by pipetting ink droplets
at the subjected inlets. The MibcooL design routed the channels between the
two field coils and allowed for an improved, liquid tight encapsulation with a
lower tendency to leak. There were no trapped air bubbles within the centre
channels. The channel depth was 100 pm which was defined by the utilised SUEX
laminate and the channel width was 128 ym. The channel dimensions were
chosen on the basis of previous research. [142:193.194] |n general, a constrained
depth and with of the channel in combination with the large contact angle

alter the capillary pressure and prevent self-filling.

Based on the findings of the first prototype, a second design was purposed,
with an extended target region in y-direction (ROI,) of 800 ym to keep the
inner VIA further apart from the centre. The central VIA and the VIAs at
the interconnect were designed with a diameter of 300 pm and larger and the
fluidic channels had additional clearance to these interconnects. The number
of contours was reduced from six to five and it became feasible to eliminate
the reverse winding at the edges of the main coil. These windings are also
highlighted in blue in Figure 4.2 were further substituted within the reworked

layout.

An illustration of the mask layout of the second design is shown in Figure 4.4(a).
Figure 4.4(b) illustrates the 3D current path, as a line current for the gradient
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Figure 4.4: (a) illustration of the layer structure of the revised uni-axial z-gradient. (b) current

path of the uni-axial z-gradient coil.
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4.1 Uni-axial z-gradient

accurate calculation considering the volumetric current density distribution

would have required a more intensive model generation.

Figure 4.5 shows the contour plots of the computed field including the supply
tracks for the two central planes. The corresponding ROl is highlighted in
grey. On the basis of the Mipcool variant, coil patterns were calculated for xp
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Figure 4.5: Field plots of the z component of the magnetic flux density, computed from the
line-current, with xpg,, of 778 pm and xgg;, of 553 um with the coil patterns as
illustrated in Figure 4.4(a).

of 553 uym, 678 um and 778 pm. The average error for the single coils of the
continuous contours was approximately 1%, and for the discretised contours
3.17%, 2.55% and 1.9 % with respect to xp. Maximum field errors of 6.27 %,
5.03% and 3.84 % resulted for the coils respectively.

Table 4.1 lists the design parameters from the theoretical design consideration.
At first, the focus was on the MibcooL cooling method and the added separation
gap for the intermediate cooling layer resulted in a minor decrease in the total
gradient strength, with respect to the coil layer that was placed close to the
substrate (xogz,). The gradient coil distances in the table were based on
preliminary estimations, which are not representative to the layer stack of
the actual manufacturing process. Both designs were based on a glass spacer
thickness tspacer Of around 500 pm. The coil patterns calculated for the MipcooL
variant were later used analogously for the TopcooL variants, even though

they did not match the exact bi-plate separation. Later, the TorcooL was
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MipcooL TopcooL

el el
Bl FE ]

-1.  5b3 -1.  5b3

gradient coil separation (pm): ocz1 oczt

Xocz2: (78 Xocz2: 678
G, I™% 2.22 G, I™% 2.22
grad. efficiency (Tm™1A™!): G- I7h 1.67 G- I7h 1.85
G, I 3.89 YG, I 4.07

Table 4.1: Theoretical considered parameters of the uni-axial z-gradient consisting of 2 x 2
coil layers according to Figure 4.2.

dimensioned and was introduced to reduce the processing complexity. However,
in an ideal scenario, the micro fluidic cooling channels would be routed above
each gradient coil layer in a design that would combine the MibcooL and
Topcool variants. In fact, also a thermal gradient was expected, with respect

to the illustrated channel routing in Figure 4.4(a).

Due to some modifications to the fabrication process, the resulting gradient
layer stack could not be fabricated according to the theoretically specified coil
separations, xoc;, and xpc,,.*®”) The manufacturing process and layer build-up
of the second iteration is further discussed in Chapter 5 on page 109 and the
subjected NMR evaluation in Section 7.2 on page 169. A comparison of the
field variation for the design model and the actual manufactured gradient is

further shown in Figure 7.12(b) on page 178.
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4.2 Coil generation from nested contours

4.2 Coil generation from nested contours

To allow the operation of the gradient coil from a single electrical connection,
the individual contours from the stream-function contour plot must be intercon-
nected. Figure 4.6 gives an illustrative overview of the interconnection method

to define practically realisable coil windings from the nested contours. 103!

Figure 4.6(a) shows the individual contours which were separated by addi-
tional gap contours. These separating gap contours will, later on, define the
electroplating mould throughout fabrication.

First, the coil contours and gaps contours were split at positions where the
contours were close to each other. The split-path as shown in Figure 4.6(b)
was manually placed to intersect through all windings, from the right innermost
winding to the left innermost winding. Since the interconnection method
contributes an additional field error, the split-path was chosen to be far apart
from the ROI, at conductor parts with a low B, contribution. Here in the
illustrated example, the split-path bends far apart around the centre of the coil

to minimise the field error. [103]

A defined distance dsp was removed from the coil and gap counters. If a
significantly large distance was chosen to be removed from the contours, the
interconnection bends smoother but may contribute additional field error. The
individual contours were then interconnected by approximating a spline in
between. To produce the interpolated interconnections, a B-spline represent-
ation 9] provided by the function splrep in the scipy.interpolate python
module was employed. Five control points were used to define the B-spline.
Two control points from the end and start of the gaps/coil contours were used
to preserve the first derivative, to achieve a smooth transition between the
contour and B-spline. The centre control point was selected on the split-path,
between the coil contours to be connected. The final interconnected coil and

gap curves are illustrated in Figure 4.6(c).
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In the next step, the specified maximum track width for the coil and minimum
gap width were applied. Throughout the thesis, a minimum gap width of 85 pm
was set to fulfil the requirements for the fabrication. Precisely, the minimum
separation gap corresponded to the resolution limit of lithographic mask and
minimum feature size of the resist. The coil with a variable track width is
illustrated in Figure 4.6(d). To make the designs fabrication-ready, the gap
contours were removed. The overlay of the gap track was than subtracted
from the coil track which resulted in a variable width of the coil track, with
a defined minimum separation gap. This method allowed to approximate the
current density much better than by defining a fixed with of the conductors

without subtracting the loop separating gap curve. 103!

To get the current in and out of the coil, the innermost loop had to be connected
back to the outer edge somehow. This step was achieved by using a VIA to
connect to a separate layer, on which either a straight thick conductor aligned
with the z-axis was used (to minimise heating and unwanted field contributions),
or the symmetrically identical winding pattern was used to spiral the current
back out to the edge (Figure 4.6(e)). 87 By this method, it was also possible
to get the current out of the coil without requiring an interconnecting track to
be placed on an additional layer. The coil track was then split at an external

loop to finally connect it to an amplifier to drive the coil current.
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Figure 4.6: An illustrative example of how to define an interconnected gradient coil on a
single plane. (a) stream function contour plot and associated current density
(arrows) for a genuine minimum power x-gradient coil. (b) coil and gap contours
split by a manually added path. (c) interconnection of the split contours by a
b-spline approximation to create a single coil loop and two gap loops. (d) assigned
coil and gap width to define the tracks. (e) dual layered x-gradient with the gap
curve subtracted from the coil track. (Figure reproduced from [103])
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4.3 Tri-axial gradient design

When performing MRI tomography, a tri-axial gradient is generally employed.
In addition to the previously presented uni-axial z-gradient, a tri-axial gradient
design is presented, where the chip is positioned horizontally with respect
to the magnet bore. The coil configuration was based on the concept in
the introduction, which had been further refined with a streamline-based x-
gradient coil (compare with Figure 1.6 on page 32). The tri-axial design is
discussed in the following, but within the context of this thesis it was not

further experimentally verified.

To build up a tri-axial gradient setup, generally 2 x 6 bi-planar coil layers would
be required as shown in Figure 4.7(a). The gradient patterns included a return
path and were aligned normal to the main magnetic field direction. As shown in
Figure 4.7(b), it was possible to reduce the number of coil layers by combining
the y- and z-gradient on the same bi-layer. The y- and z-gradients were based
on the Anderson shim coil design, /7! and the x-gradient was computed by the

aid of the genue-mininimum-power design method. [193]

Figure 4.8 illustrates the dimensioning and the assembly concept of the tri-axial
gradient design. Since the Anderson model was based on a lower number of
loops, it resulted in a weaker gradient efficiency, which was about half of the
x-gradient efficiency. For the Anderson shim coils, the usable volume resulted
from the zg,,, distance and also from the length of the straight conductors
which was 5.2mm. The y-gradient generated a stronger gradient field than
the corresponding z-gradient coil. The conductor positions of the y-gradient
were adjusted with respect to the wire spacing and track width, so that the
gradient conductor could be positioned next to the G, conductors (see also
Table 1.1 on page 23). Since the x-gradient essentially occupied most of the
pre-defined gradient space, the straight G, and G, traces were stretched, to
allow for placing the interconnecting VIAs outside. The target field for the
x-gradient streamlines and the applied length of the straight y- and z-gradient
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Figure 4.7: (a) tri-axial gradient coil composed of 2 x 6 coil layers. (b) simplified tri-axial
gradient coil design with the x-gradient coil based on the stream function method
and the y- and z-gradient based on the Anderson design, embedded on 2 x 2
coil layers. (Figure adapted from [103])

conductors produced an elongated imaging region, suitable for imaging a single

c. elegance nematode.

In addition to the gradient homogeneity plots, the gradient strengths for the
centre-lines, with respect to the unit-current were plotted as shown in Figure 4.9.
Consequently, the sensitive region of the Tx/Rx coil must be limited within
the range where the gradient stays positive.

The target region or ROI for the x-gradient was first set to 2 mm for the RO,
to 800 pm for the ROI, and to 300 ym for the ROI,. Much comparable to
the design process of the uni-axial z-gradient, the x-gradient pattern was first
calculated for a too small target field in the y-direction and the central VIAs

crossed the straight conductors of the Anderson gradients. By extending the
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Figure 4.9: The gradient strength calculated for the centre line for the tri-axial design with
respect to the zp bi-plate separation.

target region ROI, for the x-gradient to 2mm, a conformal VIA placement

was achieved.

The field linearity must consistently match for all the three gradient axis within
the specific ROl and was graphically addressed. The ROl was also defined in
accordance with the Anderson gradients, where the size of ROl was smaller and
had to be adjusted to confirm with the bi-plate separation and conductor length.
When reconstructing an MR image, nonuniformities in the gradient field can
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4.3 Tri-axial gradient design

result in voxel shifts or intensity variations. To a certain extent, non-uniformities

can be corrected by the post-processing. [1%]

The x-gradient was based on a single bi-layer with no reverse winding on an
additional layer. Therefore a higher field inhomogeneity due to the asymmetry
had to be tolerated. The x-gradient patterns were calculated for a zy dis-
placement of 778 ym, 678 um and 578 um which resulted in an average field
error for the discretised contours of 7.92 %, 7.24 % and 7.83 %, respectively.
Figure 4.10 shows the homogeneity contour plots for a zy separation of 678 pm.
The homogeneity plots included the tracks for driving the coil as illustrated in
Figure 4.7(b).

Figure 4.11 and Figure 4.12 illustrate the gradient homogeneity for the combined
Anderson gradients G, and also G, calculated for a bi-plane separation zg,,
of 553 uym. The field of the Anderson gradients was spatially more confined
and the thick, black contours illustrate the positions where the gradient field
inverted. The imaging region for the sample must not cross that region to

avoid fold-back problems and to maintain a correct encoding.

The achievable gradient efficiencies from the theoretical design process are
listed in Table 4.2. To obtain the desired gradient efficiency, also a bi-plate

separation using a glass spacer with a thickness 2x400 pm was considered.

For such an arrangement, magnetic susceptibility discontinuities would inevitably
occur from the different materials of the stacked layers, which can be further
compensated by encoding at a high gradient field strength. The presented
gradient setup is particularly suitable for magnets offering very strong By
fields!? that have a compact imaging region, and also for permanent Halbach

magnets with a constrained z-space.

Much comparable to the uni-axial z-gradient, it would also be feasible to
define the coils in a vertical orientation. However then, the Anderson y- and z-
gradients can not be combined on the same layer, and the y-gradient efficiency

in the vertical orientation would be at least 10 times weaker. A comparative
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study on a vertical aligned y-gradient design was previously discussed by While
et al.[103]

MipcooL TopcooL
glass spacer (pm): tspacer: 500 400 500 400
: 553 453 553 453
gradient coil separation (pm): 206y.:
26,: 178 678 678 578
. . *) G- I 2.36 2.71 2.71 3.20
gradient efficiency - .
(Tm1AY): ) G- 17 2.44 2.78 2.78 3.33
) Gy, I 1.68 2.50 1.67 2.50
G, I 1.31 1.94 1.31 1.94

Table 4.2: Theoretical considered parameters for the tri-axial gradient setup. *) calculated
by the Biot-Savart line integral in the centre region. **) calculated from the
surface current density, during the coil design process.
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Figure 4.10: The homogeneity plot for the genue-minimum-power x-gradient with the plotted
planes subjected to the centre for a zyg, separation of 678 pm.
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Figure 4.11: The homogeneity plots with the plotted planes subjected to the centre for a
7y, , separation of 553 ym for the Anderson y-gradient.
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4.4 Supplemental components

The gradient coil separation for the bi-planes, xpg,, and xpg,, for the uni-axial z-

gradient and similarly zy6,, and zyg, for the tri-axial gradient, had a substantial

influence on the efficiency and the design of the interior. The composition of

the sample insert and the Tx/Rx coil with the corresponding glass spacer are
listed in Table 4.3.

Flip-chip spacer. Similar to the work of Spengler, 58 the flip-chip spacers

were machined out of glass wafers, which possess a uniform thickness. In
the theoretical design process, two different gradient bi-plate separations
of 2x 500 pm (option 1) and 2 x 400 pm (option 2) were considered and a
stack of two wafers was used for this purpose. It would have been possible
to make these spacers from a single wafer, but for the total thicknesses
required, there was no suitable wafer available and it would have also
been difficult to perform accurate dicing. A monolithic, one-piece coil
and spacer assembly was not pursued, since it was focused on a modular,
open-able assembly for easier adjustment of the individual components.
The modular concept mitigated installation risks, but consequently caused
higher tolerances in the final assembly.

Sample insert. The concept of the sample holder is comparable to a micro flow

104

and culture cuvette, 1971 used in micro biology, that was further refined
for NMR applications. 198! The fabrication of such a sample insert can be
executed by substrate bonding. The total sample holder thickness would
measure less than 300 pm by using 100 pm glass substrates and in between
ORDYL®SY 390. Despite allowing an insert positioning tolerance of
approximately 50 pm, the sample is always within the imaging range, with
respect to the subjected ROI of the presented gradient coils. However, the
dimensions of the sample insert would also permit to use a commercially

available rectangular capillary tube instead (Product 5012, sample space



4.4 Supplemental components

depth 100 pm, width 2 mm, glass thickness 100 pm and capillary length
5cm, VitroCom, USA).

option 1 t (pm)  option 2 t (pm)
glass spacer (tspacer): 500 400
D263° T ECO 100 D263% T ECO 100
sample insert: ORDYL® SY 390 90  ORDYL®SY 390 90
D263° T ECO 100 D263% T ECO 100
tinsert/23 > 145 > 145
ORDYL® SY 330 30 ORDYL®SY 317 17
Tx/Rx coil: ORDYL® SY 355 55  ORDYL®SY320 20
MEMpax® 200 MEMpax® 150
Cu 20  Cu 20
teoil X 305 > 207
tinsert/2 + teoil R 450 350

Table 4.3: The two coil and sample insert options to match with the two glass spacer
thicknesses. MEMpax® and D 263® T ECO are borosilicate glass-ware that were
purchased from SCHOTT Malaysia.

With respect to the NMR measurement principle, a suitable Tx/Rx coil design
must be chosen to exhibit its B field orthogonal to the direction of By. In
principal, the magnetic dipole of the RF coil generates in the near field a high
magnetic field strength and this effect is used to achieve the high sensitivity of

the microcoil.

Meier et all®¥ designed a solenoid micro coil with a sample capillary tube dia-
meter of 150 pym. The solenoid had a distance of 100 pm to the sample, whereas
the B; homogeneity becomes somehow inferior close to the windings. A higher
filling factor was achieved by Kamberger et a/[1%! who applied the solenoid
support structure from the outside. Solenoids achieve the highest sensitivity,
but they require an appropriate assembly concept, since the aforementioned
coils use most of the space for the interconnections and support structures.
Massin et a/l61 placed the sample capillary glass tube directly towards a copper
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planar micro coil, and the sample was only separated by the tube wall that had
a thickness of 190 pm.

However, in the aforementioned articles, the employed substrate materials were
too thick to be incorporated into the demonstrated micro gradient. Because of

the limited space, an adjusted coil assembly concept was considered.

Figure 4.13 illustrates the purposed bi-planar micro coils. In order to minimise
the entire complexity, the Tx/Rx micro coil was fabricated in a separate batch.
To avoid wrap around artefacts of long samples, it must be insured that the
RF sensitivity from the body coil is low enough outside of the ROI. Another
possibility would be to restrict the sample container to the ROI. To attenuate
the H signal from the liquid cooling of the micro gradient, a Cu layer of 20 pm
was considered, that can be structured on the rear of the substrate of the
receive coil. The focus on the layer stack-up was option1 in Table 4.3, by
defining the RF coil using electroplated tracks into the ORDYL® SY, in a much
comparable way as described in Section 3.2. With minor adjustments to the
dual-stack of the ORDYL®SY, option 1 would also allow the integration of

Spengler’s wire-bonded Helmholtz coil. %!

(a) PaperClip coil (b) butterfly coil
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Figure 4.13: The design concept of (a) the PAPERCLIP micro coil, and (b) the bi-layer butterfly
coil.
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Tx/Rx coil (PapErCLIP) for the uni-axial gradient. For the uni-axial gradi-
ent, a bi-layer planar-shaped surface coil was designed, which consisted
of a single loop on each layer as shown in Figure 4.13(a). The coil shape
had a close similarity to a saddle coil [3>2%% and was stretched to capture
the spins within the elongated ROI of the z-gradient. As illustrated in
the Figure, the top glass slide on the left hand side was flipped above the
glass slide on the right hand side. The RF interconnection of the coil and
the connection between the bi-plates were realised by solder connections
and the two glass-slides were displaced by the thickness of the sample
insert. The simplistic coil shape allowed for an implementation on a glass
slide with a width w,. of 2mm and a length /,c of 10 mm. The distance

between the coil traces was 400 pm and the trace width was 100 pym.

Tx/Rx coil for the tri-axial gradient. For the tri-axial gradient, a suitable
Tx/Rx coil would be a solenoid or the so called butterfly coil.[4l An
adjusted butterfly coil design is shown in Figure 4.13(b) and allows for
an implementation on a bi-plane, aligned in the same orientation as the
respective gradient bi-plates. The top glass slide was considered with a

dimension of wyr of 2.2 mm and /¢ of 8 mm.

The u-shaped bi-layer coil is further called the PAPERCLIP micro coil, which was
investigated experimentally in Section 7.2 on page 169. The fabrication steps
to define the PAPERCLIP micro coil are listed in Section A.2 on page 220 and a
detailed description regarding the fabrication process of the gradient system is

provided in the next chapter.
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Figure 5.1: The first manufactured processing prototype of a micro z-gradient based on a
4" glass substrate.

This chapter discusses the manufacturing process to define bi-planar arranged
miniaturised gradient chips.[87] Figure 5.1 shows the first prototype of a wafer
containing z-gradient coils. The following description covers the second iteration
of the manufacturing process, that was based on the methods discussed in

Chapter 2 on page 37. Figure 5.2 and in addition Figure 5.3 on page 111
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illustrate the significant processing steps to define the gradient coil metallisation
and the fluidic cooling network. A detailed processing recipe is provided in the
appendix, in Section A.1 on page 195.

FS lithography

\AAAA

G 2.9 1% electroplating mould

—_— —_—
G 1. WTi-Pt seed layer by lift-off m m G 2.10 1** electroplating mould
BS lithography
j(*) TOPCOOL 1(**) MIDCOOL
G 3. 1St gradient layer electroplating G 5. Encapsulatlon G 4. Fluidic channels

G 5. Encapsulation

[J su-8, ADEX or SUEX G 6. VIA electroplating & PVD G 6. VIA electroplating & PVD
M orayi FP

E orayi sy

. Electroplated Copper

. WTi-Pt seed | G 7. 2" electroplating mould G 7. 2" electroplating mould
1-| see ayer
D Cr-Au seed layer
. Glass
G 8. 2 gradient layer electroplating G 8. 2" gradient layer electroplating

Figure 5.2: The first part of the fabrication process. The process flow is completed in
Figure 5.3 on the facing page. (*) ToprcooL and (**) Mipcoot indicate the two
process variations. (Figure adapted from [187])

After patterning the first coil layer, two processing variants for the liquid cooling
were pursued. The TopcooL variant implemented the cooling channels above
the second coil layer as shown in the latter sketch of Figure 5.3. In the MipcooL
process variation, the cooling channels were embedded in between the two coil
layers. The intermediate resist layers had a different thicknesses because of the

added cooling channels.
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Figure 5.3: The second part of the fabrication process. (Figure adapted from [187])

Processing of the Tx/Rx coil, as shown in Figure 5.3 was done in a separate
batch. Within the final assembly, the Tx/Rx coil was then manually placed on
top of the gradient chip. To enhance visual inspection and to facilitate the

chip assembly, mainly transparent photo-polymers and substrate materials were
employed.

For the photo lithography, polymer film masks (= 12 € per mask) were used,
which were a more cost-saving alternative to e-beam written chromium masks
on a glass master. The resolution of the polymer-film masks was 25.000 dpi
and offered a minimum line width of 10 pm to 20 um (Fotoplot, KOENEN
GmbH). However, the polymer master absorbed approximately 30 % of the
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incident UV-light at a wavelength A of 365 nm and consequently required an
increase of the lithography dose.

Due to adaptions within the production process, there were also changes in
the gradient coil bi-plate separation. Table 4.3 describes the essential stack of
permanent resist layers with respect to the bi-plate separation, as they were
applied within the fabrication. More details are provided in following sections.
The coils with the adjusted separations were not recalculated at this point.
The resulting gradient field for the uni-axial gradient is further investigated in
Section 7.2.3 on page 176.

TopcooL MipcooL
4[] 1]} — ﬂ‘
L =
LR fis
layer: t opt.1 opt.2 layer: ¢ opt.1 opt.2
(um) (hm)  (um) (um) (pm)  (pm)
glass spacer: 500 400 glass spacer: 500 400
ADEX 50
ADEX 50
SUEX (*) 90 X0Gz21 20Gy,z" 655 555 SUEX (*) 90 X0Gz21 20Gy,z* 555 455
ADEX 50 ADEX 50
SUEX (*) 90
SU-8 100  xoGz1, Zo6x: 790 690 SU-8 100 xoG.1,20G6x: 780 680
Borofloat 33 500 Borofloat 33 500
Y 840 ¥ 830

Table 5.1: Description of the layer stack-up as it was applied within the manufacturing
process. (*) The thickness of the SUEX layer got reduced by approximately 10 ym
to 15 pm within the vacuum lamination process. The ADEX layer that was applied
for the coil and spacer alignment was omitted from the list.
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5.1 Plating seed and electroplating mould

Processing started on bare 4" Borofloat 33 (Schott Glass Malaysia) substrates,
that were wet-chemically cleaned by piranha etch solution, rinsed in DIW and
spin dried (see Section A.1 on page 195, G1.1).[187] As a preparation for the
ma-N 1440 lift-off resist (Micro Resist Technology GmbH), that required HMDS
surface functionalisation, O, plasma was performed to saturate an oxide layer
on the glass surface. The plasma power was between 200 W to 300 W using a
13.56 MHz RF source. The substrates followed a HMDS treatment to make the
hydrophilic surfaces more hydrophobic, which was an important precondition

to enhance the resist adhesion.

The initial plating seed was patterned by lift-off processing and the ma-N
1440 negative tone lift-off resist was applied by spin coating. Subsequently,
substrates were pre-baked and exposed by lithography (see G1.8). The thickest
resist variant from the ma-N 1400 series was chosen to facilitate the lift-off
after sputtering. In fact, the targeted patterning required a minimum resolution
of at least 20 pm which was fulfilled by the chosen 4 pm thick resist. To resolve
a strong undercut, the development time was increased to 155s using the
ma-D 533s developer (Micro Resist Technology GmbH). Even when developing
an undercut of 1pym to 2 pm, the ma-N resist remained in strong adhesion
towards the substrate. If the same alkaline development bath of 0.5 L was used
for more than 6 substrates, the development time was generally increased by
5s to 10s as the solubility decreased, and consequently, unexposed residues

remained on the substrate.

The manufacturer of the ma-N 1400 reported an additional thermal post-baking
step combined with deep UV flood exposure to endure elevated temperatures
(above 120°C) during the physical vapour deposition (PVD).[4 Such a
thermal post-treatment was not considered in order to limit cross-linking and
to preserve the solubility of the resin in acetone or dimethyl sulfoxide (DMSO)
after the PVD.
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The PVD was started at a vacuum pressure between 4.0-107%mbar to
8.0 - 10~ " mbar. Ar gas was introduced and the 9nm thick W/Ti adhesion
layer was sputtered at 100 W. After a waiting time of at least 10 min, the
80 nm thick Pt layer was deposited at 300 W RF power. Lower sputtering peak
temperatures were achieved by adding additional waiting times. The lift-off
was conducted in DMSO and three alternating acetone bathes, followed by an

IPA rinse and a final quick-dump-rinsing (QDR).[187]

If the ma-N resist was extensively cross-linked, lift-off release was still possible
using the mr-Rem 700 stripper (Micro Resist Technology GmbH) or mechanically
with the aid of a microfiber swab. After the lift-off, organic contaminants
and potential residues of the ma-N 1400 lift-off resist were removed by a
supplemental standard wet cleaning procedure (type (lIl), see A.1, page 198,
G2.1).

A freshly deposited Pt thin film exhibits a water contact angle between 25° to
40°. However, Pt is a catalytic material and a variety of chemical contaminants
like CO, hydrocarbons and other organic compounds can absorb on the Pt
surface and result in a different wetting behaviour. The Pt thin film can again be
changed more hydrophilic by an oxygen plasma flash, similar as the Borofloat 33
surface can be activated. 2!l Pt as the initial layer was selected because its
suitable wettability of the electrolyte and Cu electroplating compatibility. Pt
has almost the same temperature coefficient as the Cu but shows a more
linear behaviour. Its excellent chemical stability made it suitable for the first
permanent metallistaion, since it was not further etched by the utilised Au, Cr
and Cu etchants. This property made it possible to permanently retain the Pt
patterns on the substrate to structure the alignment marks for the lithography
and lately wafer dicing.

Within the application, the applied WTi/Pt metallisation not only served as
the seed layer for the electroplating, it was also used to implement resistance
temperature detectors (RTDs) to detect heat-up of the gradient coils. [187]
Much similar as described in Section 3.2.1 on page 72, the WTi/Pt plating

114



5.1 Plating seed and electroplating mould

seed was used to perform the back-side (BS) lithography to structure the SU-8
based electroplating mould.

Before applying the SU-8 3050 resist, a plasma activation was again performed.
To reduce the surface tension and to additionally clean the glass substrate, an
oxygen plasma flash was performed for 10 min at 80 W. A stronger plasma of
more than 120 W altered the Pt film.

SU-8 3050 with a targeted thickness of 100 um was applied by spin coating
(G2.7). For an improved SU-8 adhesion, the substrates were baked at 200°C
for around 30 min, to dehydrate the glass surface. Optionally, T Prime (Micro-
Chemicals GmbH) can be applied beforehand, to promote the SU-8 adhesion
(G2.5). Strong SU-8 adhesion is imperative for all further processing steps,
especially for the implementation of liquid-tight, micro-fluidic cooling channels.
The wafers did not cool down completely and had an approximate temperat-
ure between 70°C to 40 °C while pipetting 3mL to 4 mL of the SU-8 resist.
Besides, the grid-structured Pt tracks simplified the manual deposition of the
SU-8 resist to the rotational centre of the glass substrate. In comparison to the
SU-8 processing recommendations, the spin-coating parameters were adjusted
to the local cleanroom conditions. The final rotational speed was increased
from the given value in the datasheet?°? of 1000 rpm to 1250 rpm and the
final spin duration was extended to 35s.

The soft-bake of a SU-8 layer thicker than 100 ym required a special procedure.
Lee et a/12%3 achieved a more uniform surface quality of the film by performing
the soft-bake while keeping an atmosphere of edge bead removal (EBR) solvent

above the substrate.

In here, the substrates were covered by petri dishes and soft-baking was
performed on a levelled hotplate for 1 h and 30 min at 95°C. The hotplate was
heated up slowly during 3 min to 5 min to decrease the rate at which the solvents
evaporated. For the first 45 min, the bake was carried out with the wafers covered

by petri-dishes to keep an atmosphere of the evaporating cyclopentanone
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solvent. This method lead to a more planar resist surface without wrinkles in

the resist film. During the remaining soft-bake, the petri-dishes were removed

to condense most of the solvent.

After the cool-down, the lithography was performed subsequently from both

sides of the wafer. Therefore two shadow masks were employed. The required

doses for the back-side (BS) and front-side (FS) lithography were determined

by an exposure series. An anti-reflection foil (Spectral Black, Acktar Ltd.) was

placed between the lithography chuck and the wafer, to suppress back-reflections

through the transparent glass substrate. [187]

Exposure from the rear. (G2.9) During the first exposure step, the electro-
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plating mould was structured by illuminating through the BS of the
transparent wafer. This method resulted in high-aspect-ratio electro-
plating moulds. The photo mask as shown in G2.9 on page 200 was
only used to spare out the chip regions in which the fluidic structures
were structured by the FS lithography in the second step. Technically,
the first mask only contained openings to expose through the already
structured Pt plating seed to define the moulds for the gradient coils.
The vapour deposited Pt structures were subject of the BS lithography
step and masked the mould for the electroplating. A polymer-mask was
completely sufficient for this purpose, that was placed towards the BS on
the bare glass of the wafer. It was not intended to achieve high resolution
structuring by this foil mask, since it also was positioned at a distance
of 500 pm above the SU-8, separated by the glass substrate.

Adding an anti-reflection foil below the substrate was nevertheless neces-
sary to suppresses imprints from the vacuum chuck. Otherwise the SU-8
coated wafer would be pulled directly by the vacuum towards the chuck.
In addition, the exposure from the rear had to be performed before the
exposure of the topside, since the partially exposed SU-8 got deformed
during the WEC when loaded into the mask-aligner. The spin-coated

SU-8 remained thicker at the edge of the wafer and consequently only



5.1 Plating seed and electroplating mould

the edges were pressed gently and showed rough imprints from the anti-
reflection foil. Anyway, these edge regions were spared out by the first
mask and were not subjected to the BS lithography step. An exposure

dose without i-/ine filtering of 550 mJcm™2 was sufficient.

Exposure from the front. (G2.10) To allow structuring of the fluidic supply
channels and edges structures of each chip, a second mask got involved,
which inversely blocked the light from exposing the electroplating moulds
for the gradient coils. In fact, the gradient coil electroplating moulds
were already defined by the previous lithography step (see Figure 5.2,
compare step G2.9 with G2.10).

A significantly higher exposure dose of 740 mJcm~2 was experimentally
found to achieve sufficient cross-linking and adhesion between the SU-8
and the glass substrate. An important aspect of the conventional FS
lithography was light absorption within the SU-8 resist. For a different,
but comparable type of SU-8, Ling etal/l?®! determined the optical
absorption in dependence to the SU-8 thickness. From the incident UV
light, approximately 70 % reached the interface between a 100 pm thick
SU-8 epoxy and the glass wafer. The required FS exposure dose was
about 30 % higher, when compared to the BS exposure. In therms of the
achievable aspect ratio, Kang et a/1?%] investigated the sidewall profiles
of SU-8 when exposing it at different doses. A higher exposure dose
caused an enlarged resist width in proximity to the substrate. In contrast,
the lower exposure energy during the BS lithography exhibited nearly
vertical sidewalls.

It was necessary to design the edges of the mask with an offset of at least
50 pm to 80 pm from the Pt structures to suppress light reflections from
the Pt tracks, while maintaining the required exposure dose. Designing
any mask edge too close to the Pt tracks caused cross-linking of a
thin SU-8 layer above the tracks, which further prevented any electro-

deposition.
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It should be mentioned that the BS exposure produced an excellent resist
adhesion compared to the FS exposure, since the incident light exposed the
interface between the glass and the SU-8 with highest exposure energy. To
maintain a consistent exposure of the SU-8 film, an overlapping area around
the gradient structures of approximately 50 pm was exposed from the front as

well as from the rear.

The substrates were suspected to a PEB at a maximum temperature of 75°C,
to reduce stress within the SU-8 film.[131] After the development, profiles of
the SU-8 film thickness were measured. The SU-8 thickness of a batch of four
wafers at four different positions is listed in Table A.1 on page 202. The entire
batch measured a mean layer thickness of 99.7 ym with a standard deviation
of 3.0 um. Depending on the age of the SU-8 resist and storage condition, the
solvent level may decrease and will result in even higher film heights of up to
130 pm.

5.2 Micro electroplating of the first gradient coil layer

Filling up the SU-8 moulds with copper by means of electroplating required a
precise control of the electroplating process.['87] Prior the electroplating, an
oxygen plasma flash was performed. Oxygen plasma activation of the SU-8
surface was indispensable to achieve improved wetting of the electrolyte. The
power of the RF plasma source was kept low, such that the energised oxygen

ions did not immobilise the Pt atoms of the seed layer.

In a preliminary investigation, the oxygen plasma power was raised to 200 W
for around 15 min. Such an elevated plasma penetrated the Pt thin film and
nearby SU-8 sidewalls got covered with the ejected, re-sputtered Pt atoms.
Consequently, the sidewalls possessed sufficient electrical conductivity and
eventually, copper was deposited (see Figure A.3 on page 204).
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5.2 Micro electroplating of the first gradient coil layer

A plasma power as low as 80 W was appropriate. The substrates were im-
mersed into the electroplating bath without wait time, since the plasma surface

activation of the mould and seed layer degraded over time. [137:201]

Figure 5.4 shows the layout and the plated areas of the wafer. Since the
electroplating started on a structured seed, all the parts to be electroplated
had to be electrically connected. The structured seed layer had a significantly
higher resistance and affected the local plating height. Finally, higher height
variations occurred, compared to a wafer with a plating seed that covered the

entire surface.

Due to the high Pt track resistance of the plating base, areas at the edge
of the wafer, in proximity to the terminal plating contacts reached a higher
current density than areas at the centre of the wafer. As a compensation, the
electroplating process was started at current densities between 0.1 A dm ™2
to 0.3Adm™2. At such low current densities, a first Cu layer was formed to
initially decrease the resistance of the seed. After plating up to a thickness of
approximately 2 pm, it was possible to increase the current density to accelerate

the plating speed.

The Cuprostar LP-1 electrolyte was heated to a temperature of 30 °C. Sufficient
bath movement was an essential requirement and the magnetic stirrer was
adjusted to a low rotational speed between 80 rpm to 90 rpm. Higher electrolyte
temperatures of up to 40°C allowed for higher current densities, but led to
visible bending of the substrate, due to thermal expansion. The structured feed
tracks which surrounded each chip are illustrated in Figure 5.4(a). No Cu was
deposited onto the RTD and dicing marks, since these Pt metallised areas had
no electrical connection, as shown in Figure 5.4(b).
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Figure 5.4: Electroplating of the 15t Gradient coil layer. (a) The Pt metallisation is illustrated
in black. The electrical resistance Ry measured between the clamp contact and
the centre was 107.6 Q2. 78.24 Q2 was the resistance between one contact pad
and the centre (Ry). The lateral tracks of the Pt grid at the edge of each chip
measure a resistance of 34.02. (b) The electrically connected coil structures
were exclusively electroplated with Cu. (c) Electroplating sequence for plating
the 15 coil layer for the top gradient coil. This sequence was used with the
custom designed PMMA holder as shown in Figure A.3 on page 204.
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5.2 Micro electroplating of the first gradient coil layer

In the layout, two different contacting methods were tested, to build up the
current path through the electroplating bath:

Clamp based contacting method. One of the two opposing large pads

which were patterned at the edge of the wafer were connected by al-
ligator clips. The substrates were than rotated during the deposition, in
order to improve the homogeneity of the plated Cu height. The connected
pad was not immersed into the plating bath and no copper deposition
occurred on the respective pad. To enhance the conductance of each
contact pad, right at the very beginning of the plating, it was necessary
to rotate the wafer after a initial Cu layer was formed.
The voltage drop was recorded, as shown in Figure 5.5. Figure 5.5(a)
indicates a reduction of the anode to wafer voltage since the resistance of
the Pt seed layer continuously reduced as more Cu was deposited. After
to the first plating sequence, the contact resistance between at the clamp
was reduced further, resulting in a lower voltage drop (Figure 5.5(b)).
To reach the target Cu thickness of 100 pm another two plating se-
quences were carried out at moderate current densities (Figure 5.5(c),
Figure 5.5(d)). The total plating time was 9h 39 min.

8-pin contacting method. (G3.2) To provide a more homogeneous current
distribution to the Pt grid, additional contacts positions were established.
Eight additional contact pads were added around the edge of the wafer, as
shown in Figure 5.4(a) and Figure 5.4(b). Around the Pt pads, 4 mm wide
SU-8 rings were patterned within the previous lithography step (G 2.10).
O-rings were placed between the SU-8 3050 rings and the custom designed
wafer holder in Figure A.3 on page 204 to protect the connecting spring
contacts and Pt pads from being exposed to the Cu electrolyte. The
o-rings were made of fluoroelastomer (FKM) with an inner diameter of
1.5mm an width of 1 mm (Alwin Héfert KG, Ammersbek, Germany). The
wafer holder was manufactured out of two laser-cut PMMA plates with

a thickness of 5mm and 4 mm. Grooves were milled (monoFab SRM-20,
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Figure 5.5: Electroplating sequences by contacting the wafer with a single clamp. (a) The
first plating step to deposit an initial layer of 2ym Cu. (b) Plating of another
2 pum thick layer with the wafer connected to the opposing clamp. The opposing
clamp was already covered with Cu. (c) and (d) Further electroplating to the
desired height.

Roland DGA Corporation) into one PMMA plate to place the gold-
coated spring contacts (FK-480, Fixtest Priifmittelbau GmbH) and cable
connections. With the spring contacts in place, the two plates were glued
together using polyurethane (PUR) two-component adhesive (technicoll®
9430-1, Ruderer Klebetechnik GmbH). During the electroplating, the
transparent PUR adhesive turned marginally brown, but remained stable
and did not dissolve within the acidic electrolyte. Also bonding of the two
PMMA plates using a methyl methacrylate (MMA) reactive adhesive is
possible but was not carried out due to the very short curing time (5 min
to 10 min).

There was no need to rotate the wafer when mounting it into the PMMA

wafer holder since the electrical contacts were distributed around the
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5.2 Micro electroplating of the first gradient coil layer

substrate and current supply was symmetrically. The electro-deposition
could be carried out with a single sequence with a total plating time of

9h and 7 min as shown in Figure 5.4(c).

Both contacting methods were compared by recording surface profiles as shown
in Figure 5.6. Since various different coil designs were implemented on the
same wafer, only the surface profiles of coils with a equal effective plating
area allow for a comparison. For the clamp based contacting method, a mean
height difference of 14.1 pm was achieved for the z-gradient coils (c) vs. (d)
(Figure 5.6). The mean height difference for the 8-pin contacting method
showed a lower variation of 3.8 um (comparing the z-gradient coils (c) vs. (d)).
Another important advantage of the 8-pin holder is the possibility to carry
out the entire electroplating by a single sequence, without user intervention.
Regardless of the contacting methods, additional height variations resulted
from the Pt track width and SU-8 height. Nevertheless, it was possible to

investigate different coil designs in the same layout.
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5.3 Fluidic cooling channels and first encapsulation

5.3 Fluidic cooling channels and first encapsulation

Before supplemental coil layers could be added, an electrical insulating perman-
ent resist had to be applied.[!87] This encapsulation was than performed by
hot-roll lamination for both the TopcooL and MipcooL designs using a 50 pm
thick ADEX DFR.

Prior to the resist application, the substrates were wet chemically cleaned.
Copper sulfate residues from the electroplating and an oxide film on the Cu
tracks were reduced in 10 % H,SO,. To minimise a reformation of an oxide layer,
the wafers were instantly subjected to QDR, were spin-dried and vacuum dried

in an oven. To promote the DFR adhesion, plasma activation was necessary.

Exclusively for the MipcooL design, a 100 pm thick DFR sheet was applied
by vacuum lamination to structure the cooling channels (G 4.2, page 205).
Vacuum lamination had the potential of applying the dry film bubble-free,
much similar as described in Section 2.1. The DFR was bonded by the use
of a hot-embossing tool under a vacuum pressure of 2 - 1073 mbar with the
top and bottom chuck heated up to 58 °C.[187] The hold time was 5min and
the bonding force was set to the minimum value of approximately 60 N. As a
result of the bonding force and temperature, the initial height of the 100 pm
thick DFR decreased by about 10 pym to 15 pm. Hot-roll lamination was also
tested and the application of the SUEX caused no shrinkage of the resist
film. The vacuum lamination was nevertheless the preferred method since
no resist adhesion problems due to trapped air occurred. After performing
the lithography, the PEB at 70°C in an oven, wet development, drying and
plasma activation, the MipcooL substrate was ready for the lamination of the

encapsulating ADEX layer.

It was necessary to apply the ADEX layer by hot-roll lamination, since it was
subjected to cover and to seal the fluidic channels. Tests with 10 pm to 20 pm

ADEX laminates resulted in more defects during the lamination or after the
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resist got cross-linked. Also, pieces of laminate from a 10 um ADEX were still
adhered to the PET film.

Only a 50 pm thick laminate fulfilled the necessary film stability. The resist
cross-linking and development was similar as for the SUEX laminate. Sufficient
cross-linking was necessary to form a temperature stable basis for the PVD in
the next process step. The encapsulation produced an excellent planar surface
for both, the MipcooL variant in Figure 5.7(a) and also the TopcooL design in
Figure 5.7(b). Cu over-plating for the TopcooL design had to be limited to 5 pm

(a) (b) ()

Figure 5.7: (a) encapsulation of the MipcooL design with integrate fluidic cooling channels.
On the right is the Pt temperature detector. (b) TopcooL (chip position (3-
3), z-grad) without trapped air pockets above the Cu tracks. (c) TopcooL
encapsulation (chip position (1-1), triax, x-gradient) by hot-roll lamination with
air inclusions above the Cu tracks.

to 10 um in order to prevent trapped air above the SU-8 mould. Depending on
the height of the previously Cu plated tracks, air inclusions got visible. However,
slight over-plating was much more acceptable than a Cu height which did not
reach the level of the first SU-8 layer, see Figure 5.7(c).

5.4 VIA top-up by copper electroplating

To interconnect the coil structures to another overlying coil layer, vertical
interconnects were established by Cu electroplating.[*8”] From the previous

processing step (Figure 5.7(b)), VIA (vertical interconnect access) holes were
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5.4 VIA top-up by copper electroplating

structured into the resist, which were topped-up to compensate for the height

difference of the encapsulation layer(s).

The TopcoolL design required to fill the VIAs by 50 pm. Because of clearance
constraints within the mask design, different VIA sizes had to be used. For the
tri-axial gradient, VIAs with a diameter of o 210 pm were implemented. For
the z-gradient, there was enough space to define larger VIAs of g 310 pm.

Figure 5.8 illustrates the plating height variations. The depth of the VIA
plating was investigated by profilometry. Persisted height differences from the
15t electroplating step were propagated to the VIA height. VIAs with a diameter
of 210 pm showed slower plating than the # 310 ym ones. One potential way to
compensate for the height variation would be entire over-plating of the VIAs,
followed by mechanical post processing, to post-level to the ADEX surface.
Farrington et a/[138] reported a technique to achieve an accurate planar surface
finish of multi-layer SU-8 structures by mechanical lapping. High-speed micro
milling would be another solution, which would allow to trim the specific regions.
To reduce processing complexity and mechanical stress on the SU-8 structures,

mechanical post processing was omitted.
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5.4 VIA top-up by copper electroplating

A temporal encapsulation layer for the MipcooL design was required to seal the
fluidic network to prevent the copper electrolyte from entering the channels
above the coil. The ORDYL® FP 450 was applied by hot-roll lamination on
top of the ADEX and was then structured by lithography for keeping the
VIA holes uncovered. The coil areas were also spared out, in order to avoid
possible resist residues. The permanent/non-permanent resist combination of
ADEX and ORDYL® FP 450 maintained adequate adhesion and did tightly seal
the fluidic ports, and even oxygen-plasma activation at a vacuum pressure of
0.5 mbar was possible. Figure 5.9 shows the momentary sealing by the use of
a single non-permanent ORDYL® FP 450 layer, in order to suppress further
electroplating of the first coil layer. The pictures were taken after the VIA

electroplating.

A first attempt was to protect the entire wafer, except keeping windows for the
gradient coil and interconnects (Figure 5.9(a)). It was more difficult to strip
the ORDYL® FP 450 since it also covered the chip edges, especially the edges
of the SU-8/ADEX layer. As illustrated in Figure 5.9(b) and Figure 5.9(c), a
resist seal above the primary fluidic openings was entirely sufficient. Thus, also
the large contact pads for external chip connection got plated. However, the
added copper on the contact pads also improved the heat dissipation within

the application.

For the Mipcool layout, it was not possible to top-up the 130 ym to 150 pm
high VIA holes in a comparable precision as performed for the TopcooL design.
VIAs with a @ 210 pum showed insufficient filling and height differences of
—55.0pum, —77.9pm, —67.36 pm and —60.06 pm were measured, whereas the
2 310 pm ones were filled-up to the top. In a redesign, all VIAs were unified
to a diameter of 310 pm, which further compensated for the plating height
variations. Because of clearance issues between the VIA and nearby gradient
coils, larger VIAs could only be implemented in the MibcooL design, since the

trenches between the coil tracks were wider.
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Figure 5.9: (a) shows the full encapsulation, including the large connecting pads around the
chip. (b) and (c) show the ORDYL® FP 450 encapsulation of the four fluidic
ports for the BoTToMCHIP/ ToPCHIP.

Eventually, incomplete VIA filling was offset by the following PVD process as
described in the next section.
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5.5 Formation of the second coil layer

In this processing step, another seed layer was applied on top of the ADEX
plateaus. The second seed layer required sufficient adhesion towards the ADEX,
had to be electrically connected to allow for a galvanic deposition, and had to
remain permanently below the second coil. [187]

After the previous VIA electroplating step, extensive surface cleaning was
therefore mandatory to remove CuSO, residues and oxides. The wafers were
dipped for around 3 min into 20 % sulfuric acid (G 6.9). A minor quantity of
30 % H,0, was added to the sulfuric acid to slightly etch the metallised Cu. O,
plasma cleaning at 80 W for approximately 10 min was performed, to remove
surface contamination above the ADEX layer. The O, activation may also be
skipped if the PVD machine would support surface cleaning, for instance by an
Ar plasma, right before the metallisation (e.g. 100 W for 30's). Moisture and

trapped DIW in the fluidic channels evaporated during vacuum processing.

The seed layer combinations Cr/Au and also Cr/Cu were tested. In principle, a
Cr/Cu seed was easier to remove than the noble Au. However, within our clean
room environment, the Cu deposition was not permitted, since Cu diffuses
strongly into other materials such as Si. Instead, an externally available machine
was taken under consideration, that exclusively allowed for a deposition of
a Cr/Cu seed layer. Since the machine was also used for the deposition on
poly(dimethylsiloxane) (PDMS), adhesion problems occurred on the wafer’s
surface because of contaminations within the vacuum chamber. During seed
layer stripping, the coil structures lost adhesion (see Figure 5.11(b)), thus no
further attempts were carried out for the Cr/Cu combination and it was focused
on the Cr/Au system (G 6.12). The wafer alignment marks were masked before
the vapour deposition using polytetrafluoroethylene (PTFE) tape. Vacuum
metal evaporation and RF magnetron sputtering were evaluated to form the

electroplating seed:
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Vacuum metal evaporation. PVD by vacuum evaporation caused less heat-
up and consequently less damage to the ADEX coated plateaus. Since
the height difference to the previous applied Cu was too large, it was
not possible to build-up an electrical connection to supply the plating
current. The electrical resistance between the first Cu layer and the top
surface was larger than a few MQ. The rate of Cr and Au deposition
was in the range of 2.5A/s to 10A/s.

RF magnetron sputtering. Sputter deposition facilitated the deposition of
the sidewalls, and also within the VIAs holes. The deposition in the VIA
trenches was significantly improved by the ionised Ar plasma atmosphere.
However, the atom bombardment when depositing the Au layer onto the
Cr adhesion layer resulted in a composition of both elements, producing
an alloy or compound coating. When it came to seed layer stripping, such
physically mixed, inter-metallic-layers required to alternate between the
wet etching solutions, in order to remove the seed entirely. 2% Sputter
depositions with a duration of more than 1 min to 2min resulted in
post-curing of the SU-8 structures, and caused added resist stress and

substrate bending.

For the TopcooL chip design, the vacuum evaporation of a Cr/Au layer estab-
lished a sufficient electrical connection towards the ADEX plateau. Actually,
the electrical connection with the chip plateaus was formed with the large pads

at the chip edges.

For the MibcooL design, vacuum metal evaporation did not result in a low ohmic
connection throughout the VIAs. However, the sputter deposition succeeded by
depositing a 15nm Cr layer (2 steps of 90s at 200 W, with a waiting time of
10 min in between) followed by a 100 nm Au layer deposition (4 steps of 75s
at 300 W, with waiting times of 10 min). After the sputtering, the substrates
showed visual bending, but the measured resistance between the plateaus and
the substrate was in an acceptable range. The DC resistance was between

2.382 to 3.0 across the entire wafer, as measured for all the individual chips.
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Regardless of the achieved connection, substrate bending due to the thermal
effects from the sputtering was unacceptable and a different method was
attempted. Conventional vacuum evaporation was performed, and after an
electron microscope sputtering machine was used, which caused less substrate
heat-up. Since the already vapour deposited Au layer was inert toward oxid-
isation, there were no concerns to move the wafers from one machine into
another. The additional Au layer was deposited by an EMITECH K550 (Quorum
Technologies Ltd.) sputtering machine which was operated at a pressure of ap-
proximately 1 - 1072 mbar and a current of 35 mA for 4 min. The final electrical
resistance was 10 to 302, measured between the Au deposited plateaus and
the Cu pads at the wafer base. No added substrate bending was induced.

Without any waiting time, a non-permanent electroplating mould was ap-
plied. (1871 To obtain an electroplating mould with a height of at least 95 pm,
a dual layer of ORDYL® FP 450 was laminated (G7.1). The dry film was suc-
cessfully applied by lamination at a hot-roll temperature of 80°C to 90°C. In
general, a reduced lamination temperature caused less thermal penetration
to the underlying resist stack and consequently lowered the risk of substrate
bending. The substrates were exposed after a wait time of 15 min. The experi-
mentally determined exposure dose for cross-linking the ORDYL® FP 450 was
900 mJcm~2 to 1050 mJcm—2.

Wet development was performed in a mega-sonic bath. When compared to the
development in an ultra-sonic bath, it was less likely to cause de-lamination of
structures that were smaller than 80 pm in width. To examine the reproducibility,
wafers were developed individually in a petri-dish using 250 mL of developer. For
each wafer, the mild alkaline developer (0.8 % Na,CO3) was freshly prepared. A
suitable development time was in the range of 8 min to 9.5 min, while a longer

development of 14 min led to resist de-lamination.

In order to achieve a metallisation higher than 100 pm, the lamination of a
triple layer of ORDYL® FP 450 was attempted. Such a thick layered mould

would be particularly useful to compensate for possible over-plating of the VIA
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holes or to reduce the electrical resistance by stepping up the Cu height even
further. (1871 Adequate results were not achieved and the structuring of the
triple laminate failed due to resist adhesion problems. This happened due to
the light absorption within the resist at the respective wavelength of 365 nm,
as previously shown in Figure 2.7(a) on page 49. Even though an extensive
resist undercut was resolved, with an exposure dose of 1500 mJ cm~2. However
for the triple laminate, a development time of 15 min was necessary. Despite
of performing a plasma activation before the electroplating, electrolyte wetting
problems arised in experiments with the triple laminate.

The electroplating using a dual-layer ORDYL® FP 450 mould was performed to
a height of 70 pm, while rotating the substrates within the middle of the plating
time (clamp based contacting).!*®”] Figure 5.10 illustrates the ORDYL® FP
450 electroplating mould during microscope inspection after starting the elec-

troplating.

Figure 5.10: The ORDYL® FP 450 electroplating mould for the tri-axial gradient (left) and
for the uni-axial z-gradient (right).

The ORDYL® FP 450 mould was stripped in a strong alkaline solution, which
was heated up to 40 °C. As illustrated in Figure 5.11(a), the resist did not solve
in the 4% to 10% KOH or NaOH solution, but swelled like a jellyfish. After
18 min to 20 min, the plating mould detached from the surface and could be
tied off manually, in one piece. The residue-free removal of the ORDYL® FP
450 was facilitated by keeping the plating height below 80 pm.

134



5.5 Formation of the second coil layer
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Figure 5.11: (a) swelling of the polymer when immersed in the NaOH or KOH remover. (b)
the coil structure detached because contaminants caused inadequate seed layer
adhesion on the ADEX DFR.

(b)

In contrast to the standard wet etching solutions that are commonly used in
MEMS technology, 2l special, resist-stable and selective etching solutions

were used for the removal of the plating base.
The two Au etches were evaluated in here:

Umicore Gold-Stripper. The Umicore Gold-Stripper 645 (Umicore GmbH)
is a potassium cyanide (KCN) based Au stripper which was evaluated to
etch the Au from the Cr/Au plating seed. Cyanide is extremely toxic and
is even in small quantities fatal to humans. As described in the product
data sheet, it strips Au and Cu at comparable rates of 0.5 pm min~! to
0.7um min~! at room temperature. However, the complete removal of
the 100 nm thick Au seed layer, even within the 80 ym trenches of the
coil took 5min to 10 min. About 15 pm of the electroplated Cu was also

etched away. The Cr layer did not corrode.

TFAC gold etchant. Besides the Umicore gold etching solution, the TFAC
gold etchant (Transene Company Inc.) for intermetallic substrates was
successfully employed. The TFAC is more comparable to the selective Au
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5 Gradient chip fabrication

etching solution that was invented in [208]. Metal etching with the TFAC
was performed with the wafers positioned in a vertical direction. TFAC
showed clear selectivity against Cu and did not corrode the Cr adhesion
layer. During TFAC etching, a porous, zinc-coloured layer formed on top
of the copper structures. 18] The etching of a vacuum evaporated seed
was nearly twice as fast as for a sputtered seed. While immersing the
substrate with a sputter-deposited seed into the TFAC gold etchant for
10 min to 15 min, the Cr layer became first visible at the edges of the
wafer. After 30 min to 35 min, the Au was still present between the coil
winding and also at the etches of the chips. The Au was visually removed
after 45 min to 50 min with the solution heated up to a temperature of
40°C. The TFAC gold etchant was the preferred etching solution as it
only marginally degraded the electroplated Cu patterns at the edges.

A conventional Cr3 etch 2] did strip the Cu before the Cr was actually etched.
The Cr adhesion layer was etched separately by the commercial Cr-ETCH-200
etchant, that offered an etch rate between 12nm min~! to 15nmmin~!. The
Cr-ETCH-200 is a selective alkaline etchant based on potassium permanganate
(KMnQy,) and tribasic sodium phosphate (Na3PO,), much similar as the Cr
etch prepared by Cho etal.[2% For testing purposes, a Cu coated sample
(Figure 2.13(a) on page 61) was immersed into the Cr-ETCH-200 etch for
more than 48 h and no weight loss was found.

After the Cr etching process, manganese dioxide (MnO,) residues remained on
the wafers, especially within the fluidic channels. Those MnO, residues could
not be removed by water. By rinsing the wafers in 10 % oxalic acid (C,H,0,),

solid MnO, residues were reduced to Mn*".[210]

Since a compound layer of Au and Cr atoms was formed between the two
deposited layers, it was necessary to alternate between the Cr-ETCH-200 (NB
Technologies GmbH) and the TFAC. By repeating the etching and cleaning

sequence,
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5.6 Encapsulation of the second coil layer

5min, TFAC — DIW rinse — 5 min, Cr-ETCH-200 —
5 min, oxalic acid rinse — DIW rinse

for several times, the evaporated seed as well as the sputtered seed were removed

successfully. [187]

5.6 Encapsulation of the second coil layer

SU-8 and epoxy DFRs have been used extensively to perform photo-defined,
wafer-level packaging of MEMS. Cross-linking by controlled underexposure of
wet applied SU-8 is one way to define hermetical sensor packages to form a
lid encapsulation. '] A different group utilised a substrate bonding machine,
were the standard SU-8 process was refined to be carried out within a vacuum
chamber to perform wafer-level packaging. 212l Packaging using DFR lamination
simplified processing while reducing thickness variations of the permanently
applied resist layer.[?13] Comparable packaging concepts were also applied to

define microfluidic chips. 214

In here, a wafer-level DFR bonding process was developed to encapsulate the
second coil layer.[187] Before the DFR application, the copper structures were
cleaned by dipping the wafers for 1 min to 2 min in 20 % H,SO,. QDR, nitrogen
drying and subsequent dehydration within a vacuum oven at 55 °C at a pressure
below 100 mbar were carried out. Much similar as described in Section 5.3 on
page 125, a 100 pm thick SUEX laminate was applied by vacuum lamination.
The objective in this manufacturing step was to complete enclose the Cu coil
structures. However, there were open fluidic ports and channels which should
not to be blocked.

As illustrated in Figure 5.12, the DFR was pressed against the bare gradient
coil structures. Within the Figure, a TorcooL design was considered but the
process can be applied analogously to the MipcooL design. In general, as less

as possible of the DFR should enter the liquid cooling network.
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Figure 5.12: lllustration of the embossing process to attach the SUEX towards the Cu
gradient coil conductors. (a) initial state before contact, when loading the wafer
it into the substrate bonder. (b) bonding at elevated temperatures transported
the DFR further into the fluidic cavities.

The tool pressure of the substrate bonder (SB6 Wafer Bonder 15 gen., SUSS
MicroTec) could not be reduced below 60 N. Precise temperature control during
vacuum bonding turned out to be the key process parameter. Therefore, the

chuck temperature was adjusted to control the viscosity of the unexposed
SUEX.

A number of DFR bond experiments were performed and the chuck temperature
was lowered from 58 °C down to 48°C to 46 °C. For both the TorcooL and
MipcooL designs, the effective surface area of the underlying ADEX plateaus
was 21 cm? to 23cm? and the area of the plated Cu was 1.7 cm?. At a chuck
temperature of 58 °C, the SUEX propagated into the main fluidic channels, as
shown in Figure 5.13(a). When lowering the temperature down to 48°C to
52°C, the menisci of the SUEX got visible as shown in Figure 5.13(b).

Bonding at a chuck temperature of 46 °C did not cause much of the SUEX
to flow inside the channels, but the coil structures were embraced completely
(see Figure 5.13(b)). In general, more resist propagated into larger openings
and therefore, the lithographic masks were adjusted to address this problem.
Also chips at the edge of the wafer showed slightly more SUEX inflow, which
was somehow related to substrate bending.

If the bond-chuck temperature was further reduced from 45°C to 44°C, the
gradient coils were still sufficiently encapsulated without entrapped air gaps.
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5.6 Encapsulation of the second coil layer

52°C

SN

(b) k\\‘ SUEX DFR flow into micro cavities

Figure 5.13: Inflow of SUEX dry film resist into the resist structures at different chuck
temperatures.

Newton'’s rings were one indicator of incomplete bonding between the ADEX and
SUEX layers. In that case, the resist could still be brought into sufficient contact
by an additional post lamination step by the use of the hot-roll lamination

equipment.

Figure 5.14(a) shows the machine's process cycle, which was carried out for both
of the cooling concepts. After resist bonding, lithography was conducted, which
followed the standard SUEX development and curing steps. Figure 5.14(b)
shows the profile and the shrinkage of the SUEX DFR height. The height of
the Cu plating was about 64 pm.
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Figure 5.14: (a) vacuum lamination process (G 10.2). The cool-down of the top-chuck was
slower, since it was not actively cooled. (b) measured profile of a TopcooL
design, displaying the depth of the cooling network and respectively the height
of the plated gradient coil.

Within the ToprcooL design, the height of the fluidic channels was too low to
ensure for a sufficient capacity of the cooling channels. The bonded SUEX
layer was then topped up with another ADEX film by hot-roll lamination, which
extended the channel height by 50 um (see G 10.3). After photo lithography,
the PEB and wet development were carried for both the bonded SUEX and the
laminated ADEX in a single step. To top-seal the fluidic channels, an additional
50 um ADEX film had to be laminated and exposed on the TopcooL design.

A final 50 pm ADEX film was applied to resolve alignment structures (G 11.2).
The chip regained a perfectly planar encapsulation plateau, which was imperative
for the flip-chip alignment and for placing the Tx/Rx coil.

5.7 Back-end processing

After finishing the front-end processing, the wafers were subjected to dicing,
which was performed in two steps. Since different chip sizes were integrated on
the substrate, the larger BotToMCHIPs were diced first, and were individually
pulled-off from the dicing tape as shown in Figure 5.15. With the BotToMCHIPs
removed, the pre-cut wafer was diced again to tailor the ToPCHips. Since the

substrates were removed from the chuck to release the BoTtToMCHIPs, the
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5.7 Back-end processing

re-clamping into the saw resulted in a cut offset of less than 100 pm, however
only for the TorCHIPs. This dicing offset did not impact the flip-chip assembly,
as the chips were aligned with respect to the SU-8 alignment structures and

not by the glass edges of the chip.

Figure 5.15: The diced 4" wafer with the BoTToMCHIPs removed.

To mount and electrically connect to the chips, a custom designed printed
circuit board (PCB) with a milled insert was purchased.[8 The pads on the
chip and the traces on the PCB were on the same height level when inserting
the chip into the milled pocket. A few droplets of EPO-TEK®353ND epoxy were
dispensed onto the PCB before inserting the BoTTomMCHIP. The EPO-TEK®
353ND adhesive had a low viscosity and entirely spread between the glass chip
and the PCB. The glue was cured at 80°C for 1 h in an oven to fixate the
gradient chip.

A semiautomatic aluminium wire bonder was used to interconnect the two
RTDs with the PCB. To establish a low-impedance connection of the gradient
coils to the PCB, blank copper leads in combination with a low temperature
solder alloy (Bis7SnssAg;, Stannol GmbH, Velbert) were used. The purchased
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5 Gradient chip fabrication

solder alloy did not contain any soldering flux, which had to be dispensed
separately to the pads. It was possible to solder the Cu pads of the chip at
a temperature of 150°C, which did not alter the surrounding SU-8.11871 A
picture of the z-gradient coil that was attached to the carrier PCB is shown in
Figure 7.11 on page 177.

As illustrated in the explosion view in Figure 4.1(b) on page 84, the chip spacers
were manufactured out of a glass wafer, in a much similar way as described by
Spengler et al.[®® Dicing and alignment marks for the flip-chip alignment were
previously structured on the glass wafer by a Cr lift-off process. In addition, it
was tested to structure fluidic feedthroughs by laser drilling. 2% Therefore an
ultrashort pulse laser, that operated at a wavelength of 1030 nm was employed
(Tangerine Amplitude Systems, France, 400fs pulse length, 8.2 W, 200 kHz,
scan speed 200 mms~—1). With this laser, it was possible to ablate circular
shaped fluidic ports by rastering a hatch pattern. The manufacturing of the
laser drilled flip-chip spacers showed feasibility, hence they were not applied,

as the gradient was not actively cooled within the NMR experiment.

In addition, spacers without the laser-drilled fluidic feedthroughs were fabricated,
to seal the fluidic ports for single chip thermal testing, as further performed
in Section 6.3 on page 147. Glass spacers were dipped into a thin film of

EPO-TEK®353ND and were positioned towards the alignment structures.
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In this chapter, the layer structure, electrical performance and thermal properties
of the fabricated micro-gradient coils are discussed. The electrical character-
isation was mainly concerned with the uni-axial z-gradient, as it was further
investigated by NMR methods as described in Chapter 7.

6.1 Physical characteristics

Figure 6.1 shows the diced cross-section of a TorcooL z-gradient chip. The
copper tracks in the first electroplated layer (e.g. G2, see also Figure 4.2 on
page 87) rendered a high aspect-ratio, that was achieved by the BS lithography
into the SU-8 mould. The copper electroplating showed slight overplating,
that was compensated by the laminated ADEX layer. The second coil layer
(e.g. G,1) formed a tapered cross-section with an angle 6 of around 20°. This
was caused by the limited aspect ratio of the non-permanent ORDYL® FP 450
and also by the seed layer etching of the Au and the Cr.

The vacuum encapsulation of the SUEX layer was carried out at a chuck
temperature of 52°C. As a result, the embossed SUEX closed up with the
plating height of the second coil layer. In contrast to the theoretical design
process, it was therefore decided to apply another 50 pum ADEX resist layer
to extend the channel height for the liquid cooling. The resulting surface of
the final ADEX layer showed no irregularities and reached a perfect planarity.
Therefore, the top surface of the chip qualified for the flip-chip assembly.
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50 pm ADEX, channel encap

added 50 pm ADEX to exter
volume of the cooling chann

G, coil layer, ~77.6 pm.
50 pm ADEX.

G2, Cu height of ~114 pm,
minor overplating.

500 pm glass substrate.

microfluidic cooling channel

Figure 6.1: Profile of the layer structure by dicing through a TopcooL z-gradient chip.

6.2 Electrical characteristics

The equivalent circuit of a gradient coil can be considered as a resistance Rg
and in series to it an inductance L¢.[*8 A gradient coil that is driven by an
ideal amplifier results in an exponential rise of the coil current, that generates
the magnetic field. The time constant for such an RL circuit is then given
by 7 = Le/R¢, to reach 63.2% of the final current. Capacitive effects can be
neglected since the amplifiers slew-rate in a NMR experiment is generally in

the range of 4 ps to 6 ps. [0

The electrical parameters of four z-gradient TorPCHIPs were recorded using an
impedance analyser. The four chips were picked from the same fabrication
batch. 2 cm long wires were soldered to the chips for electrical contact with the
clamps of the measuring device. However, the connecting wires supplemented
additional resistance and inductance to the measurement result. Four-terminal

sensing was performed and the result is plotted in Figure 6.2.

For the BoTrToMCHIPs, probing was easier by clamping directly to the large
pads on the chip. The values of the impedance in Table 6.1 were recorded at
1kHz. When driving the assembled gradient with an ideal amplifier, the time
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Figure 6.2: Electrical measurement of four z-gradient TorPCHIPs using a digital LCR-meter
(LCR-821, Good Will Instrument Co., Ltd).

to settle the current to 99.3% (57) after a step response would be 0.45 ps.
The measured inductance was significantly lower compared to the commercial
counterparts, listed in the introduction in Table 1.2 on page 25. For instance,
the tri-axial gradient by Shtirberg et a/l®!] offered a comparable high gradient

efficiency but measured a five times higher inductance.

ToprCHIP BoTtToMCHIP assembled z-gradient
RTOPCHIP LTOPCHIP RBOTTOMCHIP LBOTTOMCHIP Rz»Grad Lz—Grad
134.5mQ 0.14pH | 133.9mQ 0.13pH | 262.8mQ 0.34pH

Table 6.1: Electrical parameters of the assembled z-gradient coil as used in the NMR
measurement, see Figure 7.11(b) on page 177. (Table reproduced from [187])

Scattering parameters of the assembled z-gradient coil were acquired using a
network analyser (NWA). The electrical impedance was extracted as shown
in Figure 6.3. Within the NMR experiment, the frequency of interest is the
Larmor frequency, that was in this project at 500.12 MHz. The self resonance
of the gradient must not be in the same range as the RF pickup coil. Since the
Tx/Rx coil was placed within the centre of the gradient, coupling between the
two gradient loops and the Tx/Rx pickup coil had to be attenuated to retain
maximum RF signal strength. In case of inductive coupling, a fraction of the

RF energy would get lost within the gradient loop.

145



6 Characterisation

The backside of the glass substrate of the RF coil was metallised to a thickness
of around 12 pm to shield the interaction with the gradient. The metallisation
thickens was 12 pym and was chosen to be several times the skin depth. At
frequencies of around 500 MHz, the skin conductive depth of Cu is around
3pm. The copper shield added additional load capacitance to the gradient coil,
which caused the self resonance to drop from 189 MHz to 65 MHz. [187]

A metallised RF shield also has the added effect of attenuating the reception
of the 'H signal from the gradient’s coolant. The metal shield would cause
the RF waves from the Tx/Rx coil to reflect back to the sample. However,
such a shield metallisation may also heat-up during the RF excitation and as
a consequence it would also result in additional sample heating. RF heating
effects on the sample were not investigated in this context, but structuring
of the RF shield would be one way to limit thermal effects.?1%l Figure 6.3
illustrates the z-gradient frequency characteristic for the assembled flip-chip,
including the matched RF coil without the shield, and with the copper shield
below the Tx/Rx coil loop.
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Figure 6.3: Electrical impedance analysis, extracted from the scattering parameter, acquired
by a vector network analyzer (VNA) (Agilent Technologies, E5071B). The meas-
urement refers to the chip assembly shown in Figure 7.11(a) on page 177.

6.3 Thermal characterisation

In the following, the thermal investigations are described for the BoTToMCHIPs.
When high currents are applied to the gradient coil, the near surroundings will
heat-up by Joule heating and will penetrate the sample region. Temperature
variations also affect the NMR measurement and lead to de-tuning of the RF
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resonance coil.[?! In the following, the thermal dissipation was measured for
constant currents and also for pulsed current loads, however both measurements
gave comparable results, since only the subjected electrical power over time

was relevant.

Only the BotToMCHIPs contained the Pt temperature sensors and fluidic supply
channels and therefore making them suitable such an evaluation. Temperature
readout from the Pt RTDs was done by four-terminal sensing. Four-terminal
sensing eliminated the voltage drop over the connecting tracks. The surface
temperature of the chip was captured by an infrared (IR) camera PI-160 (Optris
GmbH, Berlin).

With respect to the Pt RTDs, the raw data of the recorded IR images were
post processed by a two point correction procedure to adjust for gain and
offset. 217l The current leads of the RTD were supplied by a constant current
source. A custom PCB based on the LT1880 OP-AMP (Linear Technology, see
datasheet’s application note) was build up to deliver an exact current of 1.00 mA.
Readout of the voltage drop over the resistors was performed directly without
amplification or buffering using an ADC (ADS1112, Texas Instruments). The
ADC offered differential inputs and the internal programmable gain amplifier
(PGA) of the ADS1112 allowed to adjust for the voltage range of the RTDs

and consequently required no additional amplifiers.

The RTDs were in direct contact with the in- and out-flowing de-ionised water
(DIW) coolant. For the on-chip RTDs (Ryin and Rygout), the electric current
was supplied by separate sources. A test measurement was performed to define
the temperature coefficient of resistance (TCR) «p of the RTD, that was
calculated by,

1 [5R}
ap = — | = . (6.1)
Ro 0T |7 .

A value of (2.60 £ 0.04) - 1073 K~ for the ag was obtained by measuring four

RTDs over a range between 23°C to 50 °C. The calibration was performed
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with a thermocouple connected to a multimeter. With the available oven, no
temperatures above 50 °C could be applied. For temperatures above 50 °C no

calibration measurements for the RTD was performed.

In comparison to a conventional Pt100 sensor with apy = 3.92 - 1073 K1,
the obtained temperature coefficient of the RTDs was smaller. Generally, the
compound layer between the WTi and Pt due to re-sputtering and predominantly
contamination within the vacuum chamber from the other targets affected
.18 Besides, variations from the lithography that rendered the RTD pattern
affected the TCR.[?®®] The RTD measurement resulted in drift of & 0.1°C
while measuring for a couple of minutes (1 = 24.54°C, ¢ = 0.08°C).

The first experiments observed the current carrying capacity without liquid
cooling. Figure 6.4 shows selected thermographic images from the tri-axial and
uni-axial gradient coils. The isolation between the tri-axial coils was higher
than few MSQ. The z-gradient from this measurement was from a different
fabrication batch as previously performed in the electrical evaluation and had

a lower copper thickness.

The hot-spot temperatures with respect to the constantly applied currents are
illustrated in Figure 6.5(a). All measurements were taken after a settling time of
5 min, while the electrical energy supplied continued to be uniform. Under steady-
state conditions, an equilibrium state arises, in which the thermal dissipation
equals the applied electrical power. Thermal heat-up T in dependence of the

electrical current i can be described by the quadratic relationship, T(;y = a-i’+c.

The quadratic coefficient a can be considered as a benchmark to evaluate
the coil performance and cooling. The constant ¢ represents the lab or initial
temperature. With the aid of the optimize.curve_fit function from the
scipy module[™ the coefficients for the quadratic best-fit were computed,

that are summarised in Table 6.2 on page 161.
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1. triaxial x-gradient 2. triaxial y-gradient 3. triaxial z-gradient 4. uni-axial z-gradient
Rx,triax =121 mQ Ry,triax = 84mQ Rz,triax = 38mQ Rz,uni—axia\ = 202mQ

temperature (°C)

-5 0 5 -5 0 5 -5 0 5 -5 0 5 x (mm)
(a) 1.2A, 0.17W (b) 1.4A, 0.17W (c) 2.0A, 0.15W (d) 0.8A, 0.13W

(=
o
temperature (°C)

-5 0 5 -5 0 5 -5 0 5 -5 0 5 x (mm)
(e) 1.2A,0.17W (f) 1.4A,017W (g) 2.0A, 0.15W (h) 0.8A, 0.13W

Figure 6.4: Thermographic images of the BoTTomMCHIPs by a constant current. Measured power includes the added resistance from
the solder connections to the PCB. The resistance values were acquired by four-terminal sensing. Triaxial gradient coil:
1. plating height of 15t layer ~ 100 pm; 2.,3. plating height of 2" layer & 70 um to 80 pm, conductor width 100 ym to
120 um; 4. uni-axial z-gradient coil: plating height of 15t layer ~ 100 pm, 2"¢ layer ~ 45 pym to 55 pm.
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Figure 6.5: (a) the heat-up for different gradient coils as shown in Figure 6.4 with respect to
the current (left) and to the expected gradient strength (right). (b) the thermal
step response after switching to a selection of currents.

Figure 6.5(b) illustrates the time resolved joule heating of the z-gradient with
the temperature measured at one RTD. The measurement was performed
under different lab conditions compared to Figure 6.5(a). The current on-time

in Figure 6.5(b) was set to capture the quasi-stationary state.
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6.3.1 Thermal characteristics of the Topcool design

Active liquid cooling allowed to drive the gradient coils at higher current loads.
Figure 6.6 shows the thermal behaviour with and without active liquid cooling.
A PMMA holder was designed and attached to the chip’s fluidic interconnects.
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Figure 6.6: Heat-up of the z-gradient coil for a TorcooL design. (a) the gradient coil was
operated without active liquid cooling. Hence, the graphs of Ry;, and Ryou:
overlay within the plot. In (b) — (e) the flow-rate Q of the coolant was varied.
(f) the temperature of the coolant was below the lab temperature.

(Figure adapted from [187])

The holder is further illustrated for the MipcooL tri-axial gradient chip in
Figure 6.9(a) on page 158. A peristaltic pump was used to deliver the DIW
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coolant. The coolant that went through the chip was delivered back to the

reservoir, to maintain a closed loop.

In the experiment in Figure 6.6(f), ice buckets were added to adjust the
temperature of the reservoir to around 4°C. Still, the coolant heated up
through the tubing and measured a temperature of 18 °C at the input at the
RTD Ryin. Within the application as a MR gradient coil, the supply current
will be pulsed for around 1 ms to 10 ms and possibly at a higher amplitude

compared to the steady-state current in Figure 6.6.

An adjustable current source was constructed, to rapidly pulse the electric
load (see Figure 6.7(c)). The pulse current source was designed to meet the
requirements for using it in an NMR pulsed gradient experiment. The circuit
Figure 6.7(a) was based on an OPA549 OP-AMP (Texas Instruments) and
operated as a voltage-controlled current source, in a much similar way as
presented by Arango etall?'9. Arango used a push-pull configuration that
required a single 12V supply rail and on the other hand, required two OP-AMPs

to drive the current in a bipolar direction.

In here, the circuit was based on a single OP-AMP and consequently required
a bipolar power supply of &+ 15V to deliver an output current of up to 10A
for a maximum resistive load Rgyaq of 0.8 Q.[187] The switching power supplies
generated a 120 mV peak-peak noise, measured at the internal switching regu-
lator frequency of 40 kHz. A low-pass LC filter (9mH and 10 mF) was added
to the output of the switching power supplies to suppress the noise. The LC
filter had a cut-off frequency of approximately 16.7 Hz. The results was a noise
suppression of approximately —135dB which corresponded to a residual noise
of 0.178 uV peak-peak. Further low frequency noise was suppressed within the
OP-AMP.

An adjustable RC-snubber network allowed to trim the overshoot to an ac-

ceptable value without continuously creating an infinite oscillation, in order to
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keep the rise time short. The measured overshoot was 24 %, the rise time to
90 % was 1.72 ps and the settling time to 5% was 9.54 ps. [187]

The circuit presented here had the disadvantage of having the Rgp.g not
connected to a fixed potential.[220] As shown in the schematic, the Rinse Was
connected to ground which kept the Rgaq floating. Galvanic isolation of the
power supply is one possible solution, but would also add additional complexity
of the entire circuit, especially when using multiple pulsed current sources

within a tri-axial gradient setup.

Figure 6.7(d) shows the heat up from a pulse current experiment for a z-
gradient without active liquid cooling. A period time T of 400 ms was selected
to closely match with the repetition time TR of previously performed MRM
experiments. 542211 |f the current was switched on for the entire echo time
TE of typically 5ms, the corresponding duty-cycle was about 1.3%. The duty
cycle D is defined as the squared ratio of the route-mean-square current Irus

by the peak current I, given by D = (lus/y,)?. [187]

Figure 6.8(a) shows the thermal characteristic with attached liquid cooling.
The achievable gradient strength in relation to the duty cycle is shown in
Figure 6.8(b). The figure was created using the data of Figure 6.6 and Fig-
ure 6.8(a). The gradient strength for a temperature rise of approximately 2°C
was comparable to the gradient strength of the tri-axial gradient from Weiger

etal 18
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Figure 6.7: (@) schematics of the pulse current source. (b) step response of the pulse
amplifier, captured with a Tektronix MSO4104 Oscilloscope. The overshoot
resulted from the delay within the feedback loop. (c) the assembled current sink
of size 44cm X 13cm x 17 cm with the two switching power supplies. (d) the
result of the pulsed-current experiment without active liquid cooling.

(Figure adapted from [187])
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Figure 6.8: (a) pulse current testing of the TopcooL z-gradient chip with liquid cooling at a
flow-rate of 4.3mL min—1. The peek current was 10 A and the period time was
400 ms. (b) the de-rating curve with respect to the achievable gradient strength
for different maximum surface temperatures. (Figure adapted from [187])
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6.3.2 Thermal characteristics of the Midcool design

In the following, the MipcooL chip design on the basis of a tri-axial gradient is
discussed. Some processing limitations during the fabrication were encountered.
The coil layer that was first applied on the substrate was cooled more efficiently,
since the coolant flowed in direct contact above the coil. Only the x-gradient
coil was analysed, since the y- and z-gradient degraded during the Cr/Au

etching process and had a final thickness below of 40 pm.

For the coolant delivery, the peristaltic pump from the previous experiment
had to be exchanged by another one, and consequently the flow-rates were
different. Cleansing of the fluidic channels during processing was not sufficiently
emphasised. Due to insufficient rinsing after stripping the Cr/Au seed layer,
residues from etching blocked some of the cooling channels which affected the

cooling efficiency on the right side of the coil.

Figure 6.9(a) shows the setup of the fluidic delivery system attached to the PCB
mounted chip. A glass slide was glued onto the chip to seal the flip-chip fluidic
feedthroughs. The pair of the fluidic supply ports ensured a better reliability
and avoided trapped air bubbles. On the left side of the thermal images,
the channels were free and allowed for acceptable cooling. The temperature
difference between the two areas was in the range of 15°C to 20°C at a

moderate flow rate as shown in Figure 6.9(d).

Figure 6.10 shows the hot-spot temperatures at the different regions in compar-
ison to the measurement at the RTDs. Despite the calibration of the thermal
imaging camera, a major difference in temperature between the SU-8 surface
captured by the IR camera an the RTDs was observed. This difference was
particularly noticeable at a lower flow rate of 0.8 mL min~!. The DIW somehow
cooled the RTDs while the SU-8 covering surface stayed undeterred by the
liquid cooling.

Figure 6.11(a) and Figure 6.11(b) show the pulse experiment for the spacious
x-gradient coil. In addition, the Anderson z-gradient was tested. However, it
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Figure 6.9: (a) the PMMA fluidic delivery holder the Mipcool tri-axial gradient. The channels
on the right in the scaled view were clogged by residues from metal etching.
(b) thermal imaging of the x-gradient coil with an applied current of 2.5A, at a
power of (1.33W) and a flow rate of 8.8 mL min~—!. (c) thermal imaging with
an applied current of 4 A (3.3W). (d) at flow rate 0.8 mL min—1. (e) extracted
thermal profiles along the flow directing.
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got damaged at duty cycle above 1.2 %, due to local defects in the electroplated
tracks. With the utilised thermal camera, the heat-up of the z-gradient coil at
the given pulse rate could not be analysed at a high precision.
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Figure 6.11: (a), (b) pulsed testing of the x-gradient at a peak current Ip of 10 A. (c) pulsed
current testing of the Anderson z-gradient.
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MAX(Tcam)
a(°CA™%) ¢ (°Q)

Figure 6.5(a) 1. x-grad, triax - - - - 12.5 22.6 - - no liquid cooling
Figure 6.5(a) 2. y-grad, triax — — — — 10.0 22.1 — — no liquid cooling
Figure 6.5(a) 3. z-grad, triax = = = = 4.7 21.7 = = no liquid cooling
Figure 6.5(a) 4. z-grad, uni-axial - - - - 33.5 21.0 - - no liquid cooling
Temp. Ty, at RTD | Temp. Tyou at RTD MAX(Tcam) flow rate
a(°CA™%) c(°Q)|a(°CA™2) ¢ (°C) |a(°CA™2) ¢ (°Q) Q (mLmin™1)
Figure 6.6(a) 13.7 28.4 13.6 28.3 30.0 28.9 - - no liquid cooling
Figure 6.6(b) 82 27.2 111 27.3 13.0 26.4 = = 0.2
Figure 6.6(c) 23 26.6 7.3 26.8 8.8 25.8 = = 0.4
Figure 6.6(d) 0.4 27.5 15 27.6 15 28.1 = = 2.9
Figure 6.6(e) 0.3 28.0 1.1 28.1 1.1 27.6 = = 4.3
Figure 6.6(f) 0.3 17.2 1.2 17.4 1.1 17.1 = = 43
Temp. Tyin at RTD | Temp. Tyour at RTD MAX( Tcam,free) MAX( Tcam,clogged) flow rate
a(°CA™2) c(°Q)|a(°CA™2) c(°C) |a(°CA™2) c(°C)|a(°CA™?) c(°C)| Q (mLmin™1)
Figure 6.10(a) 9.3 24.3 8.8 24.3 12.9 24.2 12.7 24.1 no liquid cooling
Figure 6.10(b) 0.6 25.3 25 24.9 2.8 24.6 3.4 24.7 0.8
Figure 6.10(c) 0.2 25.1 0.4 25.0 1.0 24.3 1.6 24.0 8.8
MAX(Tcam)
a(°CA™?) ¢ (°Q)
LTCC Ag, non-embossed [222] - - - - 59.0 21.0 - - -
LTCC Ag, embossed [222] - - - - 13.5 21.0 - - -

Table 6.2: Summary of the fitting curve parameters as performed in the experiments in this chapter. The table was extended with a
comparative example from the literature, where the heat-up of a coil structured into a low temperature cofired ceramics

191

(LTCC) substrate was analysed. [222]
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7 NMR experiments

This chapter discusses the NMR and MRI experiments performed with the
ink-jet printed micro coil127) and the extraction of 1D profiles using the micro
fabricated z-gradient. [187]

To conduct the imaging or spectroscopy experiments using the manufactured
field coils, they had to be integrated into the NMR spectrometer as illustrated
in Figure 7.1.223] The high field NMR experiments were carried out inside
a superconducting magnet, which was constantly kept below 4.2 K by using
cryogenic liquids. The spatial homogeneity of the main magnetic field By must
be fulfilled over the detection region and requires to be stable over time. Linear
and higher order field variations are adjusted by the so called shim coils, that
compensate for linear and higher order field errors, in order to maintain a field
homogeneity better than 107°.

The relevant component is the probe-head, which comprises the NMR detector
and keeps it rigidly in position, within the iso-centre of the magnet. In the
most basic scenario, the detector is an RF Tx/Rx coil, which is connected
to a tuning and matching network to readjust for the coil resonance. More
sophisticated probe-heads contain additional components e.g., for spinning the
sample or sample manipulation and may contain extra RF coils and gradient

coils or supplemental electric circuits for multi-nuclei detection. [29:224]

In this work, the utilised magnet possessed a main magnetic field strength By of
11.7 T (Avance lll, wide-bore, Bruker GmbH, Germany) which corresponded to
a centre frequency of 500.13 MHz. The commercial Micro5 probe-head (Bruker

GmbH, Germany) served as the platform to firmly integrate the miniaturised
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Figure 7.1: Fundamental components of the NMR spectrometer. (a) sectional view of a
superconducting magnet. (b) principle components of an NMR probe-head.
Electrical periphery and signal processing. (Figure inspired by [4, 6])

NMR detectors within the magnet. Throughout the probe-head, the custom
designed coil inserts and gradient holders were connected to the amplifiers and

signal converters of the spectrometer to process the NMR signal.

7.1 MRI experiments with the printed micro coil

In a first study, the printed RF micro coil was subjected to MRI experiments
while using the commercial Micro5 gradient system for spatial encoding. [1%7]
The mask-less fabricated planar micro coil 182 from Section 3.2 was composed
out of non-magnetic materials and possessed a magnetic susceptibility close
to that of water.[1% Accordingly, such a coil can be operated within high
magnetic fields without degrading the magnetic field homogeneity, which is an

important prerequisite for MRI. [127]
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Figure 7.2: Magnetic resonance coil insert with the printed micro coil attached.
(Figure reproduced from [127])

The constructed probe-holder with the attached coil slide is shown in Figure 7.2.
To meet the resonance condition at 500.13 MHz for 'H spin excitation and
reception, impedance transforming capacitors for frequency tuning and matching
were soldered close the coil to form the resonance circuit. Therefore, non-
magnetic capacitors (CHB HiQ, Temex Ceramics, France) were soldered onto
the 0.5mm FR-4 PCB. The insert was composed out of laser-cut PMMA

parts. [127]

With the Microb magnetic field gradient system (Bruker GmbH, Germany) it
was possible to achieve a gradient strength of up to 2 T m~! when using 40 A
pulse amplifiers. Prior to this work, Meier et all>* reported an isotropic spatial
resolution of 10 ym using the subjected gradient system.

The interior of a spring onion was imaged by taking slices in the coronal
x, z-plane. A gradient echo pulse sequence was used for the acquisition, that
uses the imaging concept as described in Figure 1.3 on page 13. The saggital
y-position of the acquired slice was =~ 200 pm above the coil’s surface. The

spring onion was wrapped and attached by a layer of Parafilm M (Pechiney
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Plastic Packaging, USA) towards the coil to protect the sample from drying out
during the long measurement time. The excellent micro imaging performance
of the coil is illustrated in the two images in Figure 7.3 that were captured

with an in-plane resolution of 20 pm and 10 pm respectively. [127]

um

(a) (b)

Figure 7.3: (a) Rapidly acquired MRM image from a slice of a spring onion in an acquisition
time Tp of 4min 5s using 32 averages with a slice thickness of 100 pm and
an in-plane resolution of 20 pm. The 'H image was captured using micFLASH
sequence at a flip angle of 30°. Figure (b) shows a comparison of an optical
microscope image and a high resolution MR image. The MR image was acquired
with an in-plane resolution of 10pm X 10pm and a slice thickness of 40 pm
in 9h and 6 min (Ta). Each acquisition was repeated every 500 ms ( Tr) while
recording 256 averages. (Figure reproduced from [127])

According to the coil's geometry, the FOV spanned a rectangular region of
1.5mm x 1.5mm laterally in the x, z-plane. The FOV in y-direction, measured
less than 1 mm, while the sensitivity decreased when imaging further apart

from the coil’s surface.

The SNR was calculated for both scans (Figure 7.3(a) SNR of 16.1, Figure 7.3(b)
SNR of 14.8) from a signal-intense region divided by the mean noise taken from
an image-free region. [127] The respective spin density of the high resolution scan

was 10 times less and, hence, exhibited a lower signal intensity. This resulted in
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a lower SNR, which was compensated by capturing more image averages. The
SNR could be improved by recording more image averages, since the NMR
signal accumulates linearly, whereas the statistically distributed noise level only

accumulates with the squared number of image averages v/N.[392%]

In a second imaging experiment, the structure of a sesame grain was ob-
served. %2l Furthermore, a comparative study of MRM and X-ray computed

tomography (X-ray CT) on such an oil-seed grain was performed. With X-ray

Figure 7.4: (a) Sesame seed grain X-ray CT conducted on a Bruker Skyscan 1172 system.
The grain was attached using modelling wax. (b) The MR images were acquired
with an isotropic resolution of 40pm3 in 23h and 30 min (Ta) (micFLASH
sequence, flip angle 30°). Each acquisition was repeated every 400 ms (Tgr). The
echo time (Tg) was 970 ps. (Figure adapted from [225])

CT, resolutions in the range of about 1pm or even slightly below can be
realised on standard laboratory setups. At the same time, however, the contrast
information in the X-ray images is quite rudimentary when it comes to the

organic constituents of the seeds.

Figure 7.4 shows selected imaging slices with the data obtained from the same
sesame seed grain. The slice from the X-ray CT scan used 40 keV unfiltered

X-ray radiation and an isotropic voxel resolution of 2.30 pm was achieved.
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The most dominating contrast feature in the image was the silica-rich husk.
This structure was not observed in the MRM experiments. There, the most
dominating signal came from the outer layer of the grain. The outer layer
wrapped around the inner part of the seed, which essentially consisted of the
two cotyledons with a gap in between. Image slices were captured in the coronal
x,y-plane, as indicated in Figure 7.2. The gaps between the outer seed tissue
and the cotyledons and in between the two cotyledons were reproduced in the

MRI as well as in the X-ray CT image.

Such a combined imaging approach is especially interesting for imaging small,

hard biological specimens such as seeds. With the considerably shrunk gap in

solid components loosely bound water oil
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Figure 7.5: Transverse magnetization decay curves recorded at 20 MHz in a Bruker minispec
mq20 using an SE-Carr-Purcell-Meiboom-Gill (CPMG) sequence. The magnetic
resonance relaxometry (MRR) experiment was performed in collaboration with
Nikolaus Nestle (BASF, Ludwigshafen).

resolution between the two techniques, correlating features found by the two
imaging techniques on the same grain comes into the reach of feasibility. [22°!
On the other hand, MRR (see Figure 7.5) and MRM fit better to detect this
specific information. Due to the availability of both, the relaxation time and
the chemical shift as specific contrast moieties to discern oil and water, NMR
techniques are more suitable to study the local composition of the seed, like
the oil and water distribution. [225]
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7.2 Evaluation of the uni-axial z-gradient

Studying the micro gradient performance by MR techniques required to in-
tegrate an RF detection coil.[1871 The printed micro coil, used in the previous
imaging experiments was based on a 500 pm thick glass substrate, and due to
its substrate thickness, it did not qualify for embedding it into the confined
micro gradient. As a more simplified alternative, a single layered RF coil was
fabricated, based on a similar structuring approach. Since the presented design
of the coil reminded of a paper clip, it is referred to as the PAPERCLIP coil.

The here performed gradient evaluation was conducted for the uni-axial z-
gradient since the Tx/Rx coil was less tedious to be integrated, when compared
to a tri-axial gradient assembly. A tri-axial gradient assembly would require con-
siderably more solder connections, with the consequence of a higher probability
of failure.

7.2.1 PaperCLIP micro coil

The focus on the design and fabrication of the PAPERCLIP micro coil was to
notably minimise the processing complexity, with the objective of carrying out
a basic, single-pulse NMR experiment. The design concept of the PAPERCLIP
micro coil was previously described in Section 4.4 on page 107. The introduced
manufacturing process required only single electroplated copper layer, since the
two diced bi-plates were further flip-chip assembled and connected by soldering

and required no copper bridges or multi-layer VIAs. [187]

Figure 7.6 illustrates the frequency-tuned PAPERCLIP coil, which was attached
to a probe holder in a much similar way as performed for the ink-jet printed
microcoil in Section 7.1. By the large pads and the use of low-temperature
solder, it was possible to interconnect the coil bi-plates, even when there was

limited access during the gradient flip-chip assembly.
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insertion of the sample

Figure 7.6: The PAPERCLIP micro coil attached onto a Micro5 compatible holder. The two
glass slides were hold in place by a solder connection (a).

The PAPERCLIP coil was also characterised using the Micro5 hardware, in a
much similar way as for the printed micro coil. The return loss (S11) was
measured using a NWA, which resulted in a dip of —37.8dB at the respective

resonance frequency. [187]

First, the coil's B; field uniformity was examined by a nutation experiment
as shown in Figure 7.7(a).[??l With a fixed pulse power (PP), the pulse
length (PL) was varied to identify the required PL for a 90° flip-angle. In this
experiment, a rectangular glass capillary was used as the sample container
(Product 5012, sample space depth 100 pm, width 2 mm, glass thickness 100 pm
and capillary length 5cm, VitroCom, USA). The capillary was filled with a
0.5 M nicotinamide D50 solution, and the sample area spanned over the entire
RF sensitive region of the micro coil.

Due to the B; inhomogeneities, it was not possible to detect a 180° pulse.
Fugariu et a/l??"l made a similar observation, during the analysis of a variety

of planar micro coils, while performing the nutation experiment.
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Figure 7.7: (a) nutation spectra of the PAPERCLIP micro coil. The 90° pulse was found at a
PL of 27.75 ps and the PP was 0.23W. (b) H spectrum of 0.5 M nicotinamide
(CgHgN,O) in D,O (deuterium oxide), with an acquisition time of 81.92s and
the number of scans was 100.

Furthermore, the PAPERCLIP micro coil was subjected to single pulse experiments
with a flip-angle below 90°. Based on the parameter estimation from the
nutation experiment, an NMR spectrum of nicotinamide was recorded, as
shown in Figure 7.7(b). The applied PP was 0.23W and the PL was 20 ps,
which corresponded to a flip-angle of approximately 65°. Peaks were detected
at 8'H = 8.82ppm, 8.64 ppm, 8.14 ppm, 7.52 ppm and 4.87 ppm.[187 The
dominant peak at 4.87 ppm resulted from the residual H,O and hydrogen-
deuterium oxide (HDO) in the D,O bottle. This peak had a FWHM of 9.84 Hz
after moderate shimming. The FID raw data was post-processed using the

nmrglue python module. [228]

A MRI experiment with a commercial field gradient was carried out to study the
spatial intensity of the coil. Figure 7.8(a) illustrates the reconstructed FLASH
image from the capillary tube that was filled with DIW. The slice thickness
was chosen wider than the actual thickness of the capillary tube, in order to
collect the signal over the entire tube. When using such a micro coil within
the uni-axial miniaturised gradient, the expected profile would be much similar
to the extracted profile in Figure 7.8(b), that summed up the voxel intensities

over y.
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Figure 7.8: (a) MRI image to investigate the sensitive area of the PAPERCLIP micro coil. The
scan time was 38s and the slice thickness was 3.1 mm. (b) the profile extracted
from the MRI image.

The line profile in Figure 7.8(b) presents an increase of the signal intensity,
at the edges and especially were the coil windings changed the direction, at
a z-position of around 7.8 mm. One possible way to suppress these signal-
intense regions would be a copper sheet to attenuate the signal.[??! Such an
additional metallisation [?2!] for implementing a signal shield is possible, but was
omitted. The discontinuity of the intensity also restricted an inversions recovery
experiment, that would require a 180° excitation pulse. A selective excitation
of the more homogeneous centre region by the use of the field gradient could

be investigated.

7.2.2 Micro engineered phantom

In previous research, grid phantoms with water filled, geometrically predefined
sections were used to study the gradient field homogeneity.[?3% For a micro-
scopic investigation, Jasinski et a/l*? used a bunch of capillaries, positioned

side by side to build up a test phantom.
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In here, a micro phantom was cleanroom fabricated to investigate the field of
the z-gradient. The custom-designed phantom had a compatible size as the
rectangular capillary tube from the previous study, but included photo-defined
alternating structures. To illustrate the NMR active regions, one fabricated
sample insert was filled with blue ink as shown in Figure 7.9(a). The fabrication
of the phantom was based on a substrate bonding process of ORDYL® SY, in

a much similar way as previously performed by Spengler et a/.[50:183]

In this work, micro fluidic channels were patterned between the two bonded
glass substrates (2 x D263® T, SCHOTT Malaysia, see also Table 4.3 on
page 105). The alternating parallel channels were structured to a width of 80 ym
and the ORDYL® SY 390 between the channels formed a width of 120 pm. The
structuring resolution was at the resist’s resolution limit. To render triangular
shaped channels, the utilised ORDYL® SY 390 DFR was exposed from the
backside through the glass substrate. In principle, improved adhesion of the
glass—ORDYL® SY interface was achieved by the aforementioned backside
lithography, since the incident light got first absorbed at the respective glass—
ORDYL®SY interface. [187]

Spengler'83] employed soda-lime glass substrates that offered an improved
adhesion towards the ORDYL®SY, when compared to the utilised D 263®
T borosilicate float glass. However, equivalent soda-lime substrate were not
available in the required thickness of 100 pm.

The MR image in Figure 7.9(c) of the channel’s cross-section rendered triangular
shaped peaks, that were achieved by the tapered channels, which resulted from
the backside lithography. The image reconstruction was based on a python
module to read in Bruker MRI files. 231 The software was adjusted in terms
of fast Fourier transform (FFT) shifting and k-space ordering. The imaged
slice in Figure 7.9(c) was positioned to the centre of the coil. A SNR of 19.3
was calculated for the average signal intensities, extracted from the highlighted

areas in Figure 7.9(c).[*87]
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Figure 7.9: (a) the ink-filled insert, that measured a thickness of 288 ym for the stack
of D263® T, ORDYL®SY 390 and D263® T. (b), (c) 'H micFLASH images
from the custom designed phantom filled with DIW using the Bruker Micro5
gradient. The matrix size was 128 x 128. The anisotropic in-plane resolution
was 27.3 pm X 3.9 pm, the slice thickness was 0.25 mm, the echo time Tg was
4.98 ms, the number of scans was 500 and the scan time T was 1 h 46 min.
(Figure reproduced from [187])

For both the MRI images, the z-profiles were generated as shown in Figure 7.10.
The maximum peak-to-peak variation was £+ 9.9 pm, which corresponded

roughly to the accuracy of the utilised lithographic foil mask.
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Extracted z-profiles from the MRI images. Figure 7.9(b) is shown in (a) and
Figure 7.9(c) is shown in (b).

These imaging experiments gave sufficient insight about the cross-section of

the test phantom and allowed to proceed with a 1D NMR imaging sequence

to evaluate the micro gradient.
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7.2.3 1D-imaging using the miniaturised uni-axial z-gradient

Figure 7.11(a) shows the opened, micro gradient flip-chip during the assembly.
The BoTtToMCHIP attached to the carrier PCB. Four glass spacers with a size of
2.6mm x 7.4mm x 500 pm were glued to the BotTomCHIP and TopCHip with
the EPO-TEK®353ND (Epoxy Technology Inc.) two-component adhesive. The
alignment structures, that were applied in the last processing step facilitated
the accurate positioning. In addition, Cr deposited alignment markings on the

glass spacers allowed for the flip-chip positioning under the microscope.

In the next step, the PAPERCLIP coil bi-plates were manually aligned and glued
to each gradient half-chip. The diced Tx/Rx coil had a final thickness of
277 pm. In contrast to Table 4.3 on page 105, the coil loops on the glass
slides were embedded into two layers of ORDYL® SY 330. The tuning capa-
citor was directly soldered to the Cu pads on PaPErRCLIP coil (0805 2.7 pF,
SRT-MICROCERAMIQUE, Vendome, France). The 500 pm thick glass spacer
maintained the required gap for placing the coil and sample insert in between
the gradient bi-plates. [187]

In Figure 7.11(a), below the Cu coil loop, one can see the Cr adhesion layer of
the Cr/Au electroplating seed. Below the Cr/Au layer, a 12 pm thick RF shield
was electroplated, which attenuated the coupling to the gradient coil (see also
Section 6.2 on page 146). The shield was structured on the rear of each glass
slide and was not connected to ground.

The RF shield was also added to suppress any 'H signal from the DIW from
the gradient's cooling network. However, in order to reduce the complexity
of the probe setup, active liquid cooling was not performed. In comparison
to the previous PAPERCLIP coil evaluation in Figure 7.7(a), different RF pulse
parameters were retrieved for the shielded Tx/Rx coil and the adjustments to
the gradient flip-chip spacing.

To sustain thermal stability without active liquid cooling, very low currents

were applied to the gradient coil, such that the rise in temperature of gradient
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pgradient top chip tuning and matching network
(pads for tuning capacitor)

Figure 7.11: (a) the two z-gradient coil biplanes with the micro Tx/Rx and glass-spacers
attached. (b) the custom designed NMR probe with the micro gradient assembly.
The PMMA holder was attached to the Bruker Micro5 probe base.
(Figure adapted from [187])

coils and the sample region could be neglected. For driving the micro gradient,
the single-channel GAP amplifier (Bruker GmbH, Germany) was used, as it
was directly available without requiring fundamental hardware modifications to
the spectrometer. The amplifier permitted a maximum current of 10 A, with a
rise and fall time smaller than 10 ps (to 90 %).[*¥7] The integrated DAC had a
16-bit resolution, which corresponded to approximately + 0.31 mA.

A power resistor of 1 was added to the current path, in series to the gradient,
to inhibit damage to the amplifier through overheating while pulsing the
low-ohmic gradient coil. 871 The self-constructed current source as shown in
Figure 6.7(a) on page 155 was not employed, since the spectrometer did not
provide the suitable interfaces to allow a straightforward integration.

First, the protocol to acquire the 1D profile along the z-direction is described.

The pulse sequence was implemented using the spectrometer’s control software
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TOPSPIN™ (Bruker GmbH, Germany). In here, the standard zg pulse program
was extended with a gradient pulse. The pulse sequence was inspired by
Mansfield 232 by applying the z-gradient during signal readout. As illustrated
in the pulse sequence diagram in Figure 7.12(a), the NMR signal was recorded
in the presence of the applied linear gradient G,.

RF PP
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Figure 7.12: (a) the pulse sequence for capturing the 1D profile. (b) the calculated gradient
slope in the centre of the gradient coil. (Figure adapted from [187])

A pre-phasing gradient pulse as performed by Topgaard et a/[?33 was omit-
ted, and the phase correction was rather applied as part of the signal post-
processing. [187] The signal was obtained directly from the FID without gener-
ating an echo. After computing the FFT of the time-domain FID signal, the
spin isochromats (as a function of frequencies) mapped to the position of the
DIW filled channels, and revealed the projected cross-section of the phantom.

FID post-processing was performed using the numpy 1189234l and the nmrglue 228!
python toolkit. In the post-processing cycle, the FFT and manual zero-order
and first-order phase correction were performed. Any baseline correction was
omitted. The frequency spectrum was smoothed to de-noise the signal.

As outlined in the previous section in Figure 7.10(a), the channel struc-
tures rendered sharp peaks in the MRI experiment and also in the recorded

NMR spectrum. Within the relevant frequency range, peaks in the NMR
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spectrum with a selected height threshold were extracted using the module
nmrglue.analysis.peakpick. The local gradient strength G between the

neighbouring peaks was calculated by,

Wp  —Wp
G — n+1 n , 71
Pn+1,n ’YlH . (Pn+1 _ Pn) ( )

where w is the angular frequency of precession, 71, is the gyromagnetic ratio,
and P is the z position of the detected channel peak. For plotting the gradient
linearity, the lithographically defined channels of the phantom were considered
to have an equidistant spacing to each other. From the layout data, a fixed
value of 200 pm was considered as the channel-to-channel spacing (Pp+1 — Pp),
which was used to determine the gradient linearity of each segment. [187]

To examine the linearity and strength, the micro z-gradient was compared to
the approved Microb gradient, to test the pulse sequence and post-processing.
The relevant acquisition parameters and the measured gradient linearity are
summarised in Table 7.1.

Reference 1D imaging: First, two 1D profiles from the Micro5 gradient were
captured as shown in Figure 7.13. The temperature of the Micro5’s liquid
cooling system was reduced to 10 °C which caused minor condensation
but allowed for a longer measurement duration. The filled sample insert
could not be sealed but the outer cooling slowed down the evaporation
of the DIW within the sample phantom. The mapping of the Microb
gradient in Figure 7.13(a) confirmed the advertised gradient efficiency
of 0.05Tm~LA~1.1187] The homogeneity of the gradient is generally
improved with the gradient coils located further apart from the specimen.
Since the commercial Micro5 was constructed to provide a FOV of
approximately 1cm?, the achieved gradient linearity was considerably
better for the confined test phantom.
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The Microb gradient centre for both of the measurements in Figure 7.13
appeared at different positions since the coil insertion and mechanical
tuning and matching caused a displacement of the Tx/Rx coil insert in

the z-direction. The profiles in Figure 7.13 were centred between the
peaks P3 and P4.

recorded 1D profile Micro5 gradient linearity
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0 0 g HF R g
59 P Pa Pl P8
—5 -] —25
(a) T T T T T T
& 25 4
S 259 PO PL by pg - £ £’
© P4 ps | 59 PL po Po P8
~ 0.0 4 3| = 0 £2 P2 PR3 pa
: HIE P1
a &l = 59 PETLS P6
§ 25 & 3 "’
: oY —25
b T T T T T T
(b) —2000 0 2000 —500 0 500
frequency (Hz) z position (pm)

Figure 7.13: Reference measurement using the Micro5 gradient coil. A fresh sample insert

was used for each recorded profile. (Figure adapted from [187])

Micro z-gradient 1D imaging: For mapping the micro-gradient, several pro-

180

files with different gradient currents were recorded to detect irregularities
in the gradient field (see Figure 7.14).[*87] In the beginning, the initial
amplifier setting was tuned to closely match the gradient strength of
the Micro5 experiment from Figure 7.13(a). The experiments in Fig-
ure 7.14(a) and Figure 7.14(b) demonstrated clear readability of the
peaks. Since the Tx/Rx coil was rigidly attached to the gradient coil, the
gradient centre frequency did not change in position with respect to the
FOV of the receive coil.

To analyse the loss in gradient strength which was caused by thicker

glass spacers, a Biot-Savart calculation was performed. The 500 pm



7.2 Evaluation of the uni-axial z-gradient

thicker spacers added 200 pm additional spacing to the gradient bi-plate
separation. The calculated field of the gradient in the centre region
is shown in Figure 7.12(b), which illustrates a drop in the resulting
gradient strength to 3.2 Tm~! A=! and a reduced FOV in z-direction.
Occasionally, some channels did not fill with the DIW, were blocked or
showed patterning imperfections from the fabrication (Figure 7.14(c),
Figure 7.14(d)).

The centre frequency of the micro gradient was determined by the 'H
spectrum without gradient coils switched off. By knowing the frequency,
it is also feasible to estimate the accuracy for positioning the phantom
insert. A maximum offset of 28 ym for the manual positioning of the

insert was extracted from the 1D profiles.
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Figure 7.14: Recording of micro gradient line profiles. For each recorded profile, a fresh
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sample insert was used. (Figure adapted from [187])
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Besides the linearity of the gradient itself, the measurement accuracy for the
peak position was also affected by the FID resolution. According to the Nyquist-
Shannon sampling theorem, an extra long acquisition time (AQ) is required
to minimise the error caused by the FID resolution. The FID resolution was
calculated from the reciprocal of the AQ and also affected the measurement of
the gradient strength. To get maximum resolution out of the NMR experiment,
the AQ must be as long as possible, which is calculated from the number of
point digitised (TD) and the sweep-width (SW), AQ = TD - (2SW)~1. The
error related to FID resolution was added to Table 7.1.

Through the above described experiment, the magnetic field accuracy of a
micro-gradient was analysed for the first time by mapping the field with precisely
manufactured micro-structures. A gradient efficiency of 3.15 Tm~! A~1 was
extracted from the peaks PO—P6 as shown in Figure 7.14(a).[*87] This gradient
efficiency was applied as the desired Gyesireq to the right side of all plots in
Figure 7.14.

The other experiments in Figure 7.14 (Figure 7.14(b) — (f)) were recorded
with longer measurement times and showed somehow incomplete filling of the
channels. In fact, the RF power from the spin excitation got absorbed by the
copper shield around the coil and converted into heat, which also heated up
the sample insert. The mean G, in Table 7.1 also contained channels that had

incorrect physical dimensions due to the liquid state.

The modular assembly facilitated the replacement of the Tx/Rx microcoil
by a different coil design.[7:235] With the performed 1D profiling it was not
possible to address the magnetic filed uniformity in the x- and y-direction.
To determine such parasitic field variations in the respective axial directions,
specially fabricated sample inserts should be considered. Other resist materials
or an alternative structuring method to define the sample insert could provide

an improved peak resolution during 1D profiling.
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Experiment AQ FID. error EID number gradient mean G, ~mean td ~ max ) min
resolution resolution of scans current /g, lin. error lin. error | lin. error
(s) (Hz) (£%) (A) (Tm ™| (%) (%) (%) (%)
Micro5 gradient:
Figure 7.13(a) 0.133 7.5 2.3 200 0.816 0.040 3.0 1.0 4.7 1.6
Figure 7.13(b) 0.133 7.5 2.0 300 1.020 0.050 6.0 4.3 11.8 1.4
micro z-gradient:
Figure 7.14(a) 0.167 6.0 1.9 100 0.012 0.038 1.8 1.8 5.4 0.1
Figure 7.14(b) 0.250 4.0 0.8 100 0.023 0.069 5.8 6.0 17.3 0.3
Figure 7.14(c) 0.250 4.0 0.8 80 0.023 0.066 10.9 8.4 24.7 3.2
Figure 7.14(d) 0.250 4.0 0.8 80 0.023 0.069 8.4 6.7 17.8 0.7
Figure 7.14(e) 0.250 4.0 0.6 200 0.031 0.091 6.2 5.4 13.7 0.6
Figure 7.14(f) 0.250 4.0 0.5 200 0.036 0.110 75 5.7 14.7 1.6

Table 7.1: The parameters of the pulse sequence in Figure 7.12(a) used to perform the experiments in Figure 7.13 and Figure 7.14.

For all the measurements, the RF pulse power (PP) was 0.1 W and the pulse length (PL) was 38 ps.
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8 Conclusion and outlook

This thesis reports on novel micro gradient designs which were microfabricated,
characterised and tested in nuclear magnetic resonance (NMR) experiments.
The strong magnetic field gradients were generated by bringing the gradient

coils physically closer to the sample. 23]

The fundamental objective was to explore new field gradient approaches
and the related fabrication methods to create a micro-integrated field
gradient on a confined footprint. This work demonstrates the next a level
of integration and miniaturisation in magnetic resonance imaging (MRI) by
combining a microfabricated gradient system with a compact transmit and
receive (Tx/Rx) coil on a microchip. Optimisations were carried out in the
design process and by recombining MEMS processes and materials in a unique
new way to reach a high level of integration. A multi-layer, topology-optimised
gradient coil was presented, which exceeded the complexity and manufacturing
time of conventional micro-engineered NMR pickup coils.

This research aimed to identify whether a miniaturised gradient system can
produce a particularly strong field variation without causing excessive
heat-up towards the sample region. Due to the high integration density
and the very close physical distance to the sample, the thermal stability from
the gradient became a significant concern. Therefore, a gradient coil design
was introduced for implementing insertable bi-planar gradient coils to exhibit
minimum power dissipation. An active cooling system maintained the thermal
stability of the gradient coil with integrated temperature monitoring by adding

resistance temperature detectors (RTDs) to the chip.
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Thus, the question arises if the linearity of the gradient can be verified even

at the microscopic dimensions. The dense construction made it increasingly

difficult to analyse the gradient's generated field accurately. A method was

developed to determine the gradient linearity by employing a micro-machined

phantom insert. The field gradient was subjected to a one-dimensional (1D)

NMR imaging experiment. From the custom-designed phantom, line profiles

were recorded to address the linearity of the gradient coil.

The development and the optimisations were carried out in diverse fields, and

the systematic approach is discussed in the following:

Process evaluation. The first part of this thesis was dedicated to identifying
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the materials and their properties for gradient coil fabrication. SU-8
and SU-8 based dry film resists (DFRs) were advantageous for multi-
layer applications since they achieved high-resolution patterning and
remained stable without material loss or shrinkage during thermal load.
However, the significant weight loss of the ORDYL® SY material during
thermal load and the physical vapour deposition (PVD) incompatibility
did not qualify the resist to be used for the gradient assembly. Poor
solvent stability was another concern of the ORDYL® SY, and the product
degraded quickly in standard solvents like acetone or trichloromethane,
which are often used in NMR experiments. Alternative materials could
replace the ORDYL® SY, which can be used similarly within a substrate
bonding process and could be applied without photolithography, for

example, by screen printing.

A silver nano-particle ink-jet printing process was introduced, which
essentially brought up the manufacturing processes for the miniaturised
gradient chip. For a sufficient structuring resolution, it was important to
control the silver ink wetting behaviour. A method was demonstrated
to adjust the hydrophilic contact angle on the SU-8 and ORDYL® SY
surfaces by plasma treatment in combination with thermal annealing, to

adjust for the printing quality. [127]



8 Conclusion and outlook

Optically transparent photoresists and substrates allowed to define an
electroplating mould by the back-side (BS) lithography, where the ink-jet
printed silver tracks were used as the lithographic mask. In addition,
the direct application of the silver seed layer by the printing process re-
duced the material consumption to a minimum. Furthermore, the ink-jet
printing process offered a unique way to apply electroplated conductive
microstructures even on the acrylic-based ORDYL® SY resist. The aspect
ratio and minimum feature size of the ORDYL®SY showed excellent
compatibility concerning the achievable jetting resolution. 2"} Much com-
parable to the conventional printed circuit board (PCB) manufacturing
methods, highly conductive metal structures were implemented on a
confined footprint. A rectangular radio frequency (RF) micro coil was
fabricated using the newly derived ink-jet printing process, and the coil
was successfully employed in a magnetic resonance microscopy (MRM)

experiment.

Thus, high-resolution ink-jet printing was restricted to rectangular struc-
turing, since the utilised printer deposited the ink droplets line-by-line
on a raster grid. An alternative, path-based droplet jetting technique
could have opened up a broader range of applications, including curved
patterning. 12’ However, another concern of the ink-jet printing was
nozzle blocking, induced by the accumulation of sliver ink nanoparticles.
Consequently, the BS lithography process was successfully transferred
to PVD based lift-off structuring, which was used to apply the micro
gradient coil patterns.

Micro electroplating. A custom-designed plating bath further refined the
copper electroplating process. The presented deposition process made it
possible to structure the miniaturised gradient coils without requiring
subsequent post-processing and consequently conserved material and

processing effort. Application-specific wafer holders were developed, which
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perfectly integrated with the pre-structured seed layer any the SU-8
plating mould.

Furthermore, a current source was developed, which not only allowed
for parallel deposition within one bath but also the reproducibility of
the entire process was improved. The programmable current source for
the electroplating of 4" substrates offered a stable output current and
allowed a vast flexibility in the specification of the plating parameters,
including monitoring of the plating process. The developed circuit also
served as the basis for its further development towards a pulse current

source, which was presented in close collaboration with Nassar et al.[121]

Gradient coil design. A topologically optimised micro gradient design was
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presented that provided an elevated gradient strength while minimising
the power dissipation (in collaboration with While et a/ [103]). To optimise
the power dissipation with respect to the achievable gradient efficiency
in Tm~1 A=, tracks of variable width were used to lower the electrical
resistivity. A method was presented to interconnect the stream-function
contours to define practically realisable coil windings. The design genera-
tion was intensively automated by a b-spline based interconnection of the
nested stream-contours, to generate a fabrication-ready coil layout. The
chip design allowed for an orthogonal orientation, and likewise in a parallel
orientation with respect to the direction of the main magnetic field By.
Thus, the design allowed for a modular integration of application-specific
bi-planar Tx/Rx coils.

A uni-axial z-gradient design was presented, which was composed of two
bi-layers. The coil design allowed the construction of a closed coil loop,
to compensation for the distortion of the coil interconnects. However,
two gradient bi-layers achieve improved field homogeneity compared to
single-layer implementation. 8% Two design iterations were required to
improve the manufacturability, and it was necessary to stretch the target

field to a larger sample area.
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Besides, a tri-axial gradient coil design was considered where the x-
gradient was based on a single bi-layer. The x-gradient coil was a trade-
off between easier fabricability and in consequence, a higher induced
field error. The classical Anderson ™l shim coil design was refined, and
it was possible to implement the y- and z-gradient on the same bi-layer
to conserve space. The y- and z-gradient coils were based on straight
conductors, and the presented approach represents a further decrease of
coil layers compared to Seeber’s tri-axial field gradient. ! The y-gradient
implementation is typically used to produce a gradient in the transversal
direction and is still technologically relevant. [83] The design of the tri-axial
gradient would allow for placement into a permanent Halbach magnet,
considering its limited space in the z-dimension.[3? Since the tri-axial
gradient had an equal number of copper layers compared to the uni-axial
z-gradient, it was possible to test and incorporate both designs on the

same wafer.

Gradient coil fabrication. With the manufacturing process introduced here, it
was possible to accommodate the design freedom for the genue-minimum-
power gradient coils and to move them into fabrication. Due to the
demanding multi-layer precision and the high requirements on the current
carrying capacity, the manufacturing process significantly exceeded the
fabrication complexity of previously developed microfabricated NMR

detection coils.

In addition, the lift-off process of the Pt seed layer enabled the structuring
of the RTDs in physical distance to the gradient coils to allow on-chip
temperature monitoring. Using of the Pt seed layer as an alignment
reference, misalignment errors did not propagate throughout the layer

stack.

The BS exposure also achieved enhanced adhesion of the initial SU-8
layer. Using vacuum lamination instead of hot-roll lamination for applying

the SUEX dry film resist improved the process reliability.
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It is worth rethinking the use of the Cr/Au seed layer system for deposit-
ing the second coil layer. By replacing it with a Cr/Cu or Ti/Cu seed
layer combination, the use of less hazardous chemicals and cyanide-free

stripping would become feasible.

From the perspective of a more simplified fabrication, the TopcooL cooling
method with the channel routing above the chip should be preferred.
However, the TopcooL design added an additional separation between
the gradient coil and the sample, which resulted in a reduced gradient
strength. The MibcooL cooling between the coil layers would require a
refined cleaning and rinsing procedure to avoid channel blocking, caused
by the seed layer stripping. Indeed, a combination of both, the TorcooL

and the MipcooL would be desirable to advance the cooling performance.

One way to reduce chip footprint would be to use a through glass
VIA (TGV) technology to establish the gradient coil's electrical connec-
tion. 2371 With TGVs, the fluidic and the electrical interconnects could
be moved to the rear side of the chip. Both, the ToPCHIP and the
BoT1ToMCHIP could be based on the same layout, and the chip dimensions
would essentially reduce to the size of the TorCHIP, with a chip side
length smaller than 9 mm. Another approach could be an inverse layer
stack of the gradient design, with the glass substrate oriented towards
the imaging region. Consequently, the processing should then be based
on very thin glass substrates to achieve the required gradient strength.

The process presented here required a manufacturing time of around
70h. In a future design iteration, adaptive manufacturing techniques
should be investigated to reduce the processing effort further.

Assembly concept. The flip-chip structure was subdivided into three modules,
the gradient bi-plates, the receiving coil and the glass spacers, which
separate the bi-planar gradient in a well-defined way. The presented
approach achieved a high level of miniaturisation. However,the substrates
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of previously developed microcoils!®* 61183 were too thick (1 mm to
2mm) and did not qualify for combining them with the uni-axial micro
gradient. Also, the support structures for aligning the coils were oversized.
Most suitable for a possible integration was Spengler's Helmholtz coil,
which had a total thickness of at least 1 mm to 1.5mm. The coils also
missed a copper shield to attenuate the coupling of the RF coil with the

gradient.

Consequently, a Tx/Rx coil on a considerably thin glass substrate was
developed here, benefiting from the BS lithography process. The dielectric
constant of the MEMpax® was smaller than for the D263® T ECO
substrate, and the MEMpax® was chosen explicitly to moderate the
capacitive effects of the Cu shield. With the insights obtained in the
assembly process, a combined spacer and coil construction should be
pursued. Fine-tuning of the layout and the thickness of the Tx/Rx coil

must become the subject of further investigation.

An even smaller format of the solder pads on the BotTomMCHIP would
also allow for a more space-saving package. But, the large solder pads
ensured the stability of the electrical connections and remained without

defects even at high current loads.

Thermal management. The heat-up of the microfabricated gradient was
evaluated in multiple experiments. The active, liquid cooling system
improved the thermal stability, and no leakage was detected at the
applied moderate flow rates. For an applied constant current of 4 A,
the uni-axial z-gradient half-chip can generate a gradient strength of
12.8 Tm~!, causing Joule heating up to 18 K above ambient within the
sample region-of-interest (ROI). However, the maximum flow rate of the
coolant was limited by the available peristaltic pump, and there would

be still potential by using a pump at a higher flow rate. [187]
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The routing and direction of the cooling channels cause a temperature
gradient across the chip. A fractal-like liquid cooling network, as described
by Pence et al,[?3] would distribute the cooling more evenly across the
chip, by reducing thermal hot-spots near the centre. In addition, injecting
the coolant through the glass substrate in the middle of the chip would

improve the thermal stability in proximity to the sample.

Considering the thermal characteristics, it is of particular interest to
compare the performance of the glass chip with a low temperature cofired
ceramics (LTCC) substrate. In the standard LTCC process, the embedded
conductors show a much higher resulting resistance than the electroplated,
pure Cu conductors here. LTCC substrates suffer from a high sheet
resistance with a final, fired track thickness of a few pm. Perrone et a/[?%?
improved the LTCC track thickness by embossing a mould into the
ceramic to extend the conductor thickness (the thermal properties were
added to Table 6.2 on page 161). Comparing Perrone's experiment
with the liquid-cooled gradient would require a thermodynamic model.
However, the description of the effects with a simple model is limited.
Many influencing factors such as the thermoconductive energy transport,
thermal radiation and even no direct relationship between the injected
current and the liquid cooling performance do not allow to come up with
a simple model. The use of ceramic materials/?3? to optimise the heat
transfer would remain subject to further optimisation. 1871 Other research
reported enhanced heat flux reduction by using a sapphire substrate,

which would still allow for the introduced BS lithography. [24°]

Micro coil evaluation. The ink-jet printed microcoil and the PAPERCLIP mi-
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crocoil were subjected to NMR experiments using a high-field 11.7T
magnet.[1?7 In terms of the resulting imaging resolution, the ink-jet
printed coil performed comparably to microcoils fabricated with other
technologies, ®!] but the mask-less fabrication process would allow for a

faster redesign.
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For the purpose of investigating the micro gradient linearity, the PAPERCLIP
coil was designed to possess a sensitive region that extends over the
homogeneous region of the uni-axial z-gradient. In combination with a
commercial gradient system, the RF field was investigated in a gradient-
echo MRI experiment, to investigate the B field along the z-direction.
Knowledge about the field distribution was an essential prerequisite for
measuring the gradient field since it affected the imaging intensity across
the recorded line profile. However, there would be potential other coil
designs with a higher field homogeneity, [*” which are also capable of
imaging an elongated region and would allow for a more uniform flip-angle

across the sample than the PAPerCLIP coil.

Gradient coil evaluation. There are different methods to evaluate the field
distribution of a gradient coil. Commercially available Hall probes were
one solution but were too large to map the confined ROI.1%?l However,
NMR was the foremost accurate technology within reach. NMR imaging
requires a suitable RF coil, and the aforementioned PAPERCLIP coil was
extensively tested before it was integrated into the gradient assembly.
NMR diffusion experiments are one way to evaluate the gradient linearity,
but such measurements are also very temperature-dependent, since RF
heating of the sample became another influencing factor. Also, for a
diffusion measurement, the sample space must be restricted to the linear

imaging region of the gradient field.

An NMR experiment was set up, and 1D profiling was chosen as it allows
for calibrating the gradient. The imaged structures of a micro-engineered
phantom were independent with respect to liquid diffusion. In contrast,
a diffusion experiment is unaffected by the patterning accuracy of the
test phantom and would be affected, at most, by the edge geometry
of the test phantom. Due to the low resistivity and inductance of the
z-gradient coil, the current load was reduced, and also the gradient

operation without amplifier pre-emphasis became feasible. The benefit
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8 Conclusion and outlook
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of the low inductance z-gradient is that the low inductance of 0.34 pH
allows for rapid switching at a high slew-rate.['87] Looking at the uni-
axial gradient efficiency of 3.15Tm~! A~1, the presented chip can be
compared with the macroscopic, hand-wound circular gradient coils by
Zhang et al!®) or Bowtell et a/l%l. Due to the compact chip design, a
profiled length of 1.2mm was achieved, 87 whereas Bowtell et a/[%%

captured a profile of 4.5mm.

Testing of the presented tri-axial gradient system becomes the subject
of ongoing work and would require the integration of a suitable Tx/Rx
coil. However, the theoretically achievable gradient efficiency can be
compared with the electron spin resonance (ESR) gradient system by
Shtirberg et al 81 or Weiger et al.[8%]



A Process description

A.1 Gradient chip fabrication

Processing started on 500 pm thick, 4" Borofloat 33 (Schott Glass Malaysia)
substrate. The lithography steps show the snippets of the layout and the

displayed size corresponds to 16 mm x 16 mm. The diced chip size would finally

measure 14.6 mm x 14.6 mm for the BotToMCHIP and 8.8 mm x 8.8 mm for

the TorCHIP.

G1: Platinum seed layer % Machine Time (MT): 316 min
G 1.1: Cleaning standard |. MT: 7 min
temperature: °C
time: min

type: Caro acid (H,SO, + H,0,) + QDR
No wait time after QDR.

G 1.2: Spin rinse dry Semitool MT: 5 min
angular velocity: rpm
Include nitrogen flush. No wait time after spin rinse dry.

G 1.3: Dehydration bake oven MT: 30 min
temperature: °C

Let borosilicate wafers cool down to room temperature after dehydration.
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A Process description

G 1.4:

G 1.5:

G 1.6:

G1.7:

196

Oxygen plasma TePla, Technics Plasma GmbH

oxygen flow: 500
power: 200
time: 4

To oxidize the surface of the borosilicate substrate.

HMDS hotplate

temperature: 120
Spin coating std. spin coater

dispense: statically 2
ramp plateau: 30 s 3000
resist: ma-N 1440

thickness: 4

The thicker ma-N 1440 resin compared to the ma-N 1420 did result in a
faster lift-off.

Pre-bake hotplate with pins
temperature: 100
time: 180

MT: 7 min

sccm

MT: 2min
°C

MT: 2min
mL

rpm

pm

cleaner and also

MT: 2min
°C



A.1 Gradient chip fabrication

G 1.8: Lithography MA6, SUSS Micro Tec MT: 2min
alignment: flat
contact mode: soft
exposure dose: at 365 nm 850 mJem ™2
mask type: film mask
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MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.

Extend lithography dose by factor 1.5 to compensate the absorption of the polymer mask
(already included in the exposure dose value) (955 at 9 mW cm~2).

G 1.9: Development megasonic bath MT: 4 min
developer: ma-D 533s
frequency: 1 MHz
power: 800 W
time: 155 s

Gently rinse and shower wafers with DIW.

G 1.10: Spin rinse dry Semitool MT: 5 min
angular velocity: 2000 rpm

Include nitrogen flush. No wait time after spin rinse dry.

G 1.11: PVD Leybold UNIVEX 500 MT: 180 min
layer 01 height: WTi: 1 min 30s at 100 W 9 nm
layer 02 height: Pt: 1 min 42s at 300 W 80 nm
pressure: 1.9-10~7 mbar

Magnetron sputtering. WTi growth rate at 100 W: 6 nm min~!, Pt growth rate at 300 W:
47nmmin~!, Ar flow rate 26 mLn/min
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A Process description

G 1.12:

Lift-off ultrasonic bath MT: 70 min
power: 100 — 200 W

stripper: acetone or DMSO or mr-Rem 700

time: 3 x different baths: 45 + 2 x 10 min

First lift-off bath without ultrasonic. After, rinse in DIW, acetone and IPA. Perform QDR
and spin dry. For a non clean lift-off release, repeat lift-off using mr-Rem 700 (Micro Resist

Technology GmbH, Berlin), QDR, IPA, followed by dry-cleaning using oxygen plasma at
200 W, 10 min.

T‘,_.l | B T s T =

cy 249 co
S 800 k1

ayr ey
e | & 8 |
Koo — | [P =

=

Figure A.1: The picture shows the structured platinum seed layer after lift-off. The x-gradient

coil is displayed in the centre of the die. Added seed tracks maintain an electrical

connection for the electroplating and additionally for connecting the gradient
coils on the next layer.

G 2: 15t electroplating mould ¥ Machine Time (MT): 660 min
leani
G 2.1: ﬁleanlng stdandard ultrasonic bath MT: 12 min
time acetone: 5 min
time isopropyl alcohol: 5) min
type: acetone + isopropyl alcohol + QDR
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Gently rinse and shower wafers with DIW.



A.1 Gradient chip fabrication

G 2.2:

G 23:

G 2.4:

G 2.5:

G 2.6:

G 2.7:

Spin rinse dry
angular velocity:

Include nitrogen flush.

Oxygen plasma
oxygen flow:
power:

time:

Dehydration bake

temperature:

Spin coating
(optional)

dispense:
primer:
ramp acceleration:

ramp plateau:

Bake
(optional)

temperature:

time:

Allow the wafers to cool to below 60 °C before proceeding with the next

Spin coating
dispense:

ramp 01 acceleration:
ramp 01 plateau:
ramp 02 acceleration:
ramp 02 plateau:
resist:

thickness:

Semitool
2000
No wait time after spin rinse dry.
TePla, Technics Plasma GmbH
500
80
10
oven
200
std. spin coater
statically 1.6
Ti-Prime
100
30 s 2500
hotplate with vacuum chuck
130
120

std. spin coater

statically 45
100
10 s 500
300
35 s 1250
SU-83050
100

MT: 5min

rpm

MT: 13 min

sccm

MT: 45 min
°C

MT: 1min

mL
rpm ="

rpm

MT: 5min

°C
s

step.

MT: 4 min
mL

rpm S
rpm
rpm st

rpm

pm

199



A Process description

G 2.8:

G 2.9:

200

Soft bake hotplate MT: 240 min
temperature 01: 45 min 95 °C
temperature 02: 45 min 95 °C

Temperature 01: ramp with wafer covered by petri dish. Let wafers cool down to room
temperature on the hot-plate after soft bake.

Lithography MA6, SUSS Micro Tec MT: 5 min
alignment: mark, BS

contact mode: soft

exposure dose: at 365 nm 550 mJem 2

mask type: film mask

side to exposure: BS

mask layout:

MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.

Since the wafer chuck pulled vacuum for the fixation and due to the uneven SU-8 sufrace at
the edges, the wafer was additionally fixated with tape. The lithography dose was extended
by a factor of 1.5 to compensate the absorption of the polymer mask (already included in
the exposure dose value). 61s at 9 mW cm™2. In addition, an anti-reflective foil was used
to protect against imprints from the wafer chuck. It was important to expose the backside
before exposing the topside, since the SU-8 got deformed at the edges, during the WEC
when the wafer was loaded into the mask-aligner.



A.1 Gradient chip fabrication

G 2.10:

G 2.11:

G 2.12:

Lithography MA6, SUSS Micro Tec MT: 5 min
alignment: mark, BS

contact mode: soft

exposure dose: at 365 nm 740 mJem ™2

mask type: film mask

substrate-side to ex-
FS
pose:

mask layout:

MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.

The lithography dose was extended by a factor of 1.5 to compensate the absorption of the
polymer mask (already included in the exposure dose value). 82s at 9 mW cm ™2,

PEB oven MT: 300 min
temperature: 75 °C
time: 1 h

Ramp temperature to 65 °C by approximately 2°Cmin~! to 5°Cmin~?. Let wafers cool

down to room temperature.

Development ultrasonic bath MT: 25 min
developer: PGMEA

power: 50 w

time: 20 min

A white film indicated under-development and required to repeat the development process.
Finally, re-develop with fresh developer in a separate petri dish (PGMEA). Rinse in IPA after
development. Gently rinse and shower wafers with DIW. Dry wafers using a nitrogen gun.
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A Process description

Figure A.2: The structured SU-8 3050 plating mould with the platinum seed below.

Distance from

the centre: —24mm —8mm 8mm 24 mm mean std.
Wafer 1: 95.6 ym 97.4 pym 98.9 pym 97.4 pym 97.3 pym 1.2 ym
Wafer 2: 97.7 ym 95.9 pym 98.6 pm 98.6 pm 97.7 pm 1.1 ym
Wafer 3: 103.0 ym 97.7 pm 97.2 pm 104.7 pm 100.6 pm 3.3 pm
Wafer 4: 102.4 pym 103.0 pm 103.2 pm 103.5 pm 103.0 pm 0.4 pm

Table A.1: Profilometry of the electroplating mould height for a batch of 4 wafers.

G 3: 1t gradient layer electroplating % Machine Time (MT): 510 min
G 3.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 10 min
oxygen flow: 500 sccm
power: 50 W
time: 5] min
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A.1 Gradient chip fabrication

G 3.2:

Electroplating copper electroplating bath
current:

electrolyte: Cuprostar® LP1

plating area, MibcooL:

plating area, TopcooL:

target height:

MT:

9.05 — 183 mA
9.05 cm?
9.14 cm?

100 pm

500 min

Rinse in DIW after the electroplating. The electroplating parameters apply to the entire

wafer, containing 8 uni-axial and 8 tri-axial chips.
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A Process description

(d)

Figure A.3: (a),(b).(c) with a plasma power greater than 150 W to 200 W, the platinum

204

seed got immobilised and re-sputtered onto the SU-8 plating mould, which
consequently got covered with Cu during the electroplating. (d) the poly(methyl
methacrylate) (PMMA) electroplating holder with the wafer inserted, after the
15t electroplating step. (e) the electroplated x-gradient coil layer.



A.1 Gradient chip fabrication

Fluidic channels

G 4: ¥ Machine Time (MT): 378 min
(only Mibcoot)

G 4.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 8 min
oxygen flow: 500 sccm
power: 80 w
time: 5 min

G 4.2: Vacuum lamination SB6, SUSS Micro Tec or EVG 540 MT 40 min
bonding force: 60 N
chamber pressure: < 10 mbar
hold time: 10 min
material: SUEX TDFS D100
temperature: 58 °C
Process steps: 1. heat up substrate. 2. release dry-film from separation. 3. apply pressure.
4. release bond chuck to pressure. 5. release bond chuck. 6. cool down substrates.

G 4.3: Lithography MA6, SUSS Micro Tec MT: 5 min
alignment mode: mark, BS
contact mode: soft
exposure dose: 900 mJcm™
mask type: film mask

mask layout:

[

Vevee

MIDCOOL uni-axial TOPCHIP.

The lithography dose was extended by a factor of 1.5 to compensate the absorption of the

polymer mask (already included in the exposure dose value). (100s at 9 mW cm~2).
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A Process description

G 4.4: PEB oven MT: 300 min

temperature: 70 °C

Ramp temperature to 70 °C by approximately 2°Cmin~! to 5°Cmin~?.

G 4.5: Development ultrasonic bath MT: 20 min
developer: PGMEA
power: 100 W

Rinse in IPA after development.

G 4.6: Spin rinse dry Semitool MT: 5min
angular velocity: 2000 rpm
G 5: Encapsulation ¥ Machine Time (MT): 343 min
G 5.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 8 min
oxygen flow: 500 sccm
power: 80 W
time: 5 min
G 5.2: Hot-roll lamination  Polamat UVL 600, Polatek MT: 5 min
material: ADEX TDFS A50
pressure: 1 bar
speed: 0.3 mmin~—!
temperature: 68 °C
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A.1 Gradient chip fabrication

G 5.3:

G 5.4:

G 5.5:

G 5.6:

Lithography MA6, SUSS Micro Tec
alignment mode: mark, BS
contact mode: soft

exposure dose:

mask type: film mask

mask layout:

MIDCOOL uni-axial TOPCHIP.

MT: 10 min

700 mJem ™2

TOPCOOL tri-axial BOTTOMCHIP.

Extend lithography dose by factor 1.5 to compensate absorption by the polymer mask. (77's

at 9mW cm™2).

PEB oven
temperature:

Heat oven with substrates inside.
Development ultrasonic bath
developer: PGMEA
power:

time:

Rinse in IPA after development.

Spin rinse dry Semitool

angular velocity:

Include nitrogen flush. No wait time after spin rinse dry.

MT: 300 min
70 °C

MT: 15 min

100 w
15 min
MT: 5 min
2000 rpm

207



A Process description

G 6: VIA electroplating & PVD ¥ Machine Time (MT): 596 min
G 6.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 8 min
(only Mipcool)
oxygen flow: 500 sccm
power: 80 w
time: 5 min
G 6.2: :;:y":\:lrc'z;:?t'c’" Polamat UVL 600, Polatek MT:  5min
material: ORDYL® FP 450
pressure: 2 bar
speed: 0.2 m min~!
temperature: 80 -90 °C
The post-lamination hold time was 20 min.
G 6.3: :}:::;T/:E:Zm) MAG6, SUSS Micro Tec MT: 10 min
alignment mode: mark, BS
contact mode: soft
exposure dose: 500 mJem ™2
mask type: film mask
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mask layout:

MIDCOOL uni-axial TOPCHIP.

The lithography dose was extended by a factor of 1.5 to compensate the absorption of the

polymer mask (already included in the exposure dose value). The exposure time was 100s.



A.1 Gradient chip fabrication

G 6.4:

G 6.5:

G 6.6:

G 6.7:

Development

(only Miocoot) megasonic bath MT: 10 min
developer: Na,CO5; + H,O 08-13 %

frequency: 1 MHz

power: 800 W

time: 2 x 4 min

Gently rinse and shower wafers with DIW.

Spin rinse dry

Semitool MT: 5mi
(only Mipcool) emitoo min

angular velocity: 800 rpm

Include nitrogen flush. No wait time after spin rinse dry.

Oxygen plasma TePla, Technics Plasma GmbH MT: 5min
oxygen flow: 500 sccm
power: 80 W
time: 2 min
Electroplating copper electroplating bath MT: 330 min
current, MibcooL: 12 - 69 mA
current, TopcooL: 23 — 47 mA
electrolyte: Cuprostar® LP1
plating area, MibcooL: 456 cm?
plating area, TopcooL: 468 cm?
target height,

130
MibcooL: [
target height,

50

TopcooL: [

Rinse in DIW after the electroplating. The electroplating parameters apply to the entire
wafer, containing 8 uni-axial and 8 tri-axial chips.
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A Process description

G 6.8:

G 6.9:

G 6.10:

G 6.11:

G 6.12:
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Strip ORDYL® FP
450 petri dish on hotplate
(only Mipcoot)

stripper: NaOH + H,0O 4
temperature: 40
time: 10 - 15

Gently shower and rinse substrates with DIW after stripping.

Remove

. ) beaker
Cu-plating residues
type: 20 % H,SO,

MT:

%
°C

i

S

MT:

Add 30 % H,0, to slightly etch the Cu surface. Afterwards, perform QDR.

Spin rinse dry Semitool MT:
angular velocity: 800 rpm
Include nitrogen flush. No wait time after spin rinse dry.

Oxygen plasma TePla, Technics Plasma GmbH MT:
oxygen flow: 500 sccm
power: 50 wW
pressure: 120 mbar
time: 5) min
No wait time after oxygen plasma.

PVD vacuum coating, Mini-Coater, TecTra MT:
layer 01: Cr: 0.3nms ™} 5—-10 nm
layer 02: Au: 0.8nms™! 80 — 100 nm
pressure: 5—7-107°% mbar

20 min

10 min

5min

8 min

180 min



A.1 Gradient chip fabrication

Figure A.4: (a) the topped up VIAs after the electroplating process for the MipcooL chip
design. (b) the applied Au seed layer by vacuum evaporation onto a TopCHip.
(c) testing of Cu electroplating onto the Au seed layer. This test was carried out
to evaluate, whether a player of Cu improves the adhesion on the ORDYL® FP
450. However, the ORDYL® FP 450 adhesion did not become any better. In
addition, this test also highlights the interconnected regions from the seed layer.
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A Process description

G7: 2nd electroplating mould ¥ Machine Time (MT): 35 min
G7.1: Hot-roll lamination = Polamat UVL 600, Polatek MT: 10 min
material: ORDYL® FP 450
pressure: 2 bar
speed: 0.2 mmin~!
temperature: 80-90 °C
Remove the PET protection foil of the 15 ORDYL® FP 450 layer. The lamination step was
repeated, to form a double DFR layer. The PET foil of the 2" layer was removed after the
lithography. The post lamination hold time was around 20 min.
G7.2: Lithography MA6, SUSS Micro Tec MT: 5min
alignment mode: mark, BS
contact mode: soft
exposure dose: 900 mJcm 2
mask type: film mask
mask layout: L %
MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.
The lithography dose was extended by a factor of 1.5 to compensate the absorption of the
polymer mask (already included in the exposure dose value).
G7.3: Development ultrasonic bath MT: 15 min
developer: Na,CO3 + H,0O 08-13 %
power: 100 W
time: 15 min
Gently rinse and shower wafers with DIW.
G7.4: Spin rinse dry Semitool MT: 5min
angular velocity: 800 rpm

Angular velocity was reduced and the nitrogen
plating mould.
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purge was skipped to protect the delicate



A.1 Gradient chip fabrication

G8: 2"d gradient layer electroplating % Machine Time (MT): 138 min
G 8.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 8 min
oxygen flow: 500 sccm

power: 50 W
time: 5 min
G 8.2: Electroplating copper electroplating bath MT: 130 min
current: 12 — 38 mA
electrolyte: Cuprostar® LP1
plating area, MibcooL: 1.9 cm?
plating area, TopcooL: 2.0 cm?
target height: 70 — 80 pm
Rinse in DIW after the electroplating. The electroplating parameters apply to the entire
wafer, containing 8 uni-axial and 8 tri-axial chips.
Go: Photoresist & seed stripping % Machine Time (MT): 100 min
Strip ORDYL®FP
G 9.1: "p petri dish on hotplate MT: 25 min
450
stripper: NaOH + H,O 4 %
temperature: 40 °C
time: 18 — 20 min
Gently shower and rinse substrates with DIW after stripping.
G 9.2: Au seed stripping petri dish MT: 50 min

etchant: TFAC, Transene Company Inc.
temperature: 40
time: 45 — 50

Gently shower and rinse substrates with DIW after Au etching.

°C

min
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A Process description

G 9.3:

G 9.4:

Cr seed stripping petri dish MT: 20 min
etchant: Cr-ETCH-200, NB Technologies GmbH

-1

Etch rate is approximately 12nmmin™" to 15nm min~1. 24 Gently shower and rinse

substrates with DIW after stripping. No wait time after Cr stripping.

Spin rinse dry Semitool MT: 5min
angular velocity: 2000 rpm

Figure A.5: The second coil layer of a TopcooL gradient batch. (a) the BotToMCHIP of a tri-
axial gradient design. (b) the ToPCHiP of an uni-axial z-gradient. (c) BotrToMCHIP
of the uni-axial z-gradient.
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A.1 Gradient chip fabrication

G 10: DFR hot-embossing ¥ Machine Time (MT): 700 min
G 10.1: Oxygen Plasma TePla, Technics Plasma GmbH MT: 10 min
oxygen flow: 500 sccm
power: 60 w
time: 10 min
G 10.2: DFR hot-embossing SB6, SUSS Micro Tec or EVG 540 MT: 30 min

bonding force: 60 N
chamber pressure: 1 mbar
hold time: 10 min
material: SUEX TDFS D100
temperature: 46 — 50 °C
Process steps: 1. heat up substrate. 2. release dry-film from separation. 3. apply pressure.
4. release bond chuck to pressure. 5. release bond chuck. 6. cool down substrates.
G 10.3: :’:ﬁy":'()?:g;“;ti"" Polamat UVL 600, Polatek MT:  Smin
material: ADEX TDFS A50
pressure: 1 bar
speed: 0.3 m min~!
temperature: 68 °C
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A Process description

G 10.4:

G 10.5:

G 10.6:

G 10.7:

G 10.8:

216

Lithography MA6, SUSS Micro Tec MT: 5min
alignment: mark, BS

contact mode: soft

exposure dose: 900 mJcm 2

mask type: film mask

mask layout:

MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.

The lithography dose was extended by a factor of 1.5 to compensate the absorption of the
polymer mask (already included in the exposure dose value).

PEB oven MT: 300 min
temperature: 60 °C
time: 5 h

Ramp temperature to 60 °C by approximately 2°Cmin~! to 5°C min~1.

Development ultrasonic bath MT: 25 min
developer: PGMEA
time: 20 min

Rinse in IPA after development. A white film indicated that the substrate had been under-
developed wich required to repeat the development process.

Spin rinse dry Semitool MT: 5 min
angular velocity: 2000 rpm

Oxygen plasma TePla, Technics Plasma GmbH MT: 10 min
oxygen flow: 500 sccm

power: 60 W

time: 10 min



A.1 Gradient chip fabrication

G 10.9:

G 10.10:

G 10.11:

Hot roll lamination

(only Topcoot) Polamat UVL 600, Polatek MT: 5 min
material: ADEX TDFS A50

pressure: 1 bar

speed: 0.3 m min~!
temperature: 68 °C
:-(i):;yog'ltzl:izm) MAG6, SUSS Micro Tec MT: 5min
alignment: mark, BS

contact mode: soft

exposure dose: at 365 nm 700 mJ cm 2

mask type: film mask

mask layout:

TOPCOOL tri-axial BOTTOMCHIP.

The lithography dose was extended by a factor of 1.5 to compensate the absorption of the
polymer mask (already included in the exposure dose value).

PEB (only TopcooL) oven MT: 300 min
temperature: 60 °C
time: 5 h

Ramp temperature to 60 °C by approximately 2°C min~! to 5°Cmin~1.
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A Process description

G 11: Coil alignment structures ¥ Machine Time (MT): 345 min
Oxygen plasma X i
G 11.1: TePla, Technics Plasma GmbH MT: 10 min
(only Mipcool)
oxygen flow: 500 sccm
power: 50 W
time: 5 min
G 11.2: Hot roll lamination  Polamat UVL 600, Polatek MT: 5 min
material: ADEX TDFS A50
pressure: 1 bar
speed: 0.3 m min !
temperature: 68 °C
G 11.3: Lithography MA6, SUSS Micro Tec MT: 10 min
alignment mode: mark
contact mode: soft
exposure dose: 490 mJcm 2
mask type: film mask
mask layout:
MIDCOOL uni-axial TOPCHIP. TOPCOOL tri-axial BOTTOMCHIP.
The lithography dose was extended by a factor of 1.5 to compensate the absorption of the
polymer mask (already included in the exposure dose value).
G 11.4: PEB oven MT: 300 min
temperature: 60 °C
time: 5 h

218

Pre-heat oven with substrates inside.



A.1 Gradient chip fabrication

G 11.5:

G 11.6:

Development ultrasonic bath

developer: PGMEA

power: 100
time: 15

Rinse in IPA after development.

Spin rinse dry Semitool

angular velocity: 2000

MT:

MT:

rpm

15 min

5min
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A Process description

A.2 Tx/Rx micro coil fabrication

Processing of the Tx/Rx coil started on a 200 um thick, 4" MEMpax® (Schott
Glass Malaysia) substrate.

Figure A.6: lllustration of different Tx/Rx micro coil designs, implemented on a single wafer.
The coil to coil separation was 2.37 mm. For improved solderability, the pads
for interconnections were additionally Au electroplated.

C1: Seed Layer ¥ Machine Time (MT): 236 min
C1l.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 13 min
oxygen flow: 500 sccm
power: 100 W
time: 10 min

To oxidise the surface of the glass substrate.
C1.2: HMDS hotplate MT: 2min
temperature: 120 °C
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A.2 Tx/Rx micro coil fabrication

C1.3:

C1.4:

C 1.5:

C 1.6:

C1.7:

Spin coating std. spin coater MT: 3 min
dispense: statically 25 mL

ramp plateau: 30 s 3000 rpm

resist: ma-N 1420

thickness: 2 pm

Pre-bake hotplate MT: 2min
temperature: 100 °C

time: 120 s

Lithography MA6, SUSS Micro Tec MT: 2 min
alignment: flat

contact mode: soft

exposure dose: at 365 nm 685 mJcm 2

mask type: film mask

@%" 1= —
I v = 1 -3
PAPERCLIP coil, Butterfly coil,

for the uni-axial gradient for the tri-axial gradient

mask layout:

Extend lithography dose by factor 1.5 to compensate absorption by the polymer mask

(already included in the exposure dose value). 765 at 9mW cm 2.

Development megasonic bath MT: 4 min
developer: ma-D 533s

frequency: 1 MHz

power: 800 W

time: 100 s

Gently rinse and shower wafers with DIW.

PVD vacuum coating, Mini-Coater, TecTra MT: 180 min
layer 01: Cr: 0.3nms™! 5—10 nm

layer 02: Au: 0.8nms~! 80 — 100 nm

pressure: 5-7-107° mbar
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A Process description

C1.8: Lift-off beaker, ultrasonic bath MT: 30 min
power: 20 - 50 W
stripper: acetone or DMSO or mr-Rem 700
time: 3 X different baths: 10 + 2 x 10 min
First lift-off bath without ultrasonic. Rinse in IPA, DIW, after QDR.

C2: Electroplating Mould % Machine Time (MT): 35 min
C2.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 13 min
oxygen flow: 500 sccm
power: 80 W
time: 10 min
C 2.2: Hot-roll lamination = MyJoy-9, GMP, office laminator MT: 5 min

material: ORDYL® SY 330
temperature selection:
Do not remove top foil after lamination.
C 2.3: Fol;)?ional) hotplate with vacuum chuck MT: 2 min
temperature: 80 °C
time: 120 s
To flatten the surface if ripples after lamination occurred.
C 2.4: Lithography MA6, SUSS Micro Tec MT: 5min
contact mode: soft
exposure dose: at 365 nm 115 mJcm 2
mask type: maskless
side to exposure: BS
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A.2 Tx/Rx micro coil fabrication

C 2.5: PEB vacuum hotplate with pins MT: 2min
temperature: 85 °C
time: 2 min
Remove top foil after the PEB.

C 2.6: Development ultrasonic bath MT: 8 min
developer: ORDYL® SY developer
power: 100 %
time bath 01: 3 min
time bath 02: 3 min
Rinse for 2 min in IPA after development. Gently rinse and shower wafers with DIW. Dry by
nitrogen stream. No wait time after development.

C3: Electroplating of the Tx/Rx Micro Coil ¥ Machine Time (MT): 188 min
C3.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 8 min
oxygen flow: 500 sccm
power: 50 W
time: 5 min
C 3.2: Electroplating copper electroplating bath MT: 180 min

electrolyte: Cuprostar® LP1

plating height: 30 pm

Dip substrate in 20 % H,SO,. Gently rinse and shower wafers with DIW. Dry by nitrogen
stream. No wait time after electroplating.

C4: Encapsulation and inteconnect openings % Machine Time (MT): 54 min
C4.1: Oxygen plasma TePla, Technics Plasma GmbH MT: 13 min
oxygen flow: 500 sccm
power: 80 W
time: 10 min
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A Process description

C4.2: Hot-roll lamination  MyJoy-9, GMP, office laminator MT: 5 min
material: ORDYL®SY 330
temperature switch: 3-4

In the case of substantial thickness variations of the electroplated layer, a more time
consuming vacuum lamination process can yield in a superior encapsulation of the plated

copper structures.

PLB
C4.3: i hotplate with vacuum chuck MT: 2min
(optional)
temperature: 80 °C
time: 120 s

To flatten the surface, if ripples after lamination occurred.

C4.4: Lithography MA6, SUSS Micro Tec MT: 5min
alignment: mark
contact mode: soft
exposure dose: at 365 nm 115 mJcm 2
mask type: film mask
=== =as
mask layout: PAPERCLIP coil, Butterfly coil,
for the uni-axial gradient for the tri-axial gradient
C 4.5: PEB vacuum hotplate with pins MT: 4 min
temperature: 85 °C
time: 2 min
C 4.6: Development ultrasonic bath MT: 25 min
developer: ORDYL® SY developer
power: 100 %
time bath 01: 3 min
time bath 02: 3 min

Rinse for 2 min in IPA after development. Gently rinse and shower wafers with DIW. Dry by
nitrogen stream. No wait time after development.

224



A.2 Tx/Rx micro coil fabrication

C5: Backside metalisation % Machine Time (MT): 373 min
C5.1: Oxygen Plasma TePla, Technics Plasma GmbH MT: 13 min
oxygen flow: 500 sccm
power: 80 w
time: 10 min

Depending on the surface condition, additional chemical cleaning steps may be necessary to
guarantee sufficient adhesion for the PVD deposited layers.

C5.2: PVD vacuum coating, Mini-Coater, TecTra MT: 180 min
layer 01: Cr: 0.3nms ! 5—-10 nm
layer 02: Au: 0.8nms™! 80 — 100 nm
pressure: 5—7-10"% mbar

C5.3: Hot-roll lamination  Polamat UVL 600, Polatek MT: 5 min
material: ORDYL® FP 450
pressure: 2 bar
speed: 0.2 m min~!
temperature: 80-90 °C
The post-lamination hold time was 20 min.

C5.4: Lithography MA6, SUSS Micro Tec MT: 5 min
alignment: mark
contact mode: soft
exposure dose: at 365 nm 450 mJem 2
mask type: film mask
side to exposure: BS

mask layout: PAPERCLIP coil, Butterfly coil,

for the uni-axial gradient for the tri-axial gradient
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A Process description

C5.5: Development megasonic bath MT: 10 min
developer: Na,CO3 + H,O 0.8-13 %
frequency: 1 MHz
power: 800 W
time: 2 X 4 min

Gently rinse and shower wafers with DIW.

C 5.6: Electroplating copper electroplating bath MT: 120 min
electrolyte: Cuprostar® LP1
plating height: 12 - 20 pm

Dip substrate in 20 % H,SO,. Gently rinse and shower wafers with DIW. Dry by nitrogen

stream. No wait time after electroplating.

Strip ORDYL® FP

C5.7: 450 petri dish on hotplate MT: 20 min
stripper: NaOH + H,O 4 %
temperature: 40 °C
time: 10 — 15 min
Gently shower and rinse substrates with DIW after stripping.
C5.8: Cr seed stripping petri dish MT: 20 min

etchant: Cr-ETCH-200, NB Technologies GmbH

1 —1 [241]

Etch rate is approximately 12nmmin~ " to 15nm min Gently shower and rinse

substrates with DIW after stripping. No wait time after Cr stripping.
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A.2 Tx/Rx micro coil fabrication

e

Figure A.7: The metallised rear of the micro coil with some remaining dicing burr. This side
of the chip was glued to the gradient coil.
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