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Abstract

Nowadays neural implants are of growing interest in biology and medicine. Direct stimu-
lation and sensing at neuron level can improve our understanding of the brain functioning,
while introducing innovative solutions for the treatment of several disorders.

In the lively research environment formed around the topic, the Smart Micro Neural
Dot project was born, aiming to the development of a wireless and miniaturized cortical
visual prosthesis, based on an array of free-standing CMOS microstimulators. To this
scope, penetrating foldable electrodes have been developed; however, their innovative de-
sign suggests a versatility that goes beyond vision restoration.

Electrochemical sensing represents a promising application, since neurotransmitters mon-
itoring is of strong clinical relevance. For example, dopamine dysregulation is associated
with neurological disorders, including Parkinson’s and Alzheimer’s disease. The aim of
this thesis is to modify and optimize the fabrication process of these electrodes to meet
the requirements of electrochemical measurements.

The devices are manufactured at the Center of Micro Nano Technology (CMi) of the Ecole
Polytechnique Fédérale de Lausanne (EPFL). They comprise a 500 x 500 ym? CMOS chip
and two shanks opposite to it. The latter are made of Al and are fully insulated by SiOs,
while a second metal layer acts as electrical interface. Pt was selected due to its high con-
ductivity and its ability to perform dopamine sensing without surface functionalization,
making dopamine also suitable for preliminary electrochemical validation. SiOy provides
metal insulation, exposing only sensing electrodes and test pads. Front-side fabrication
is followed by substrate thinning and deep silicon etching of the backside, so to ensure
devices release from processing wafer.

Electrical characterization verifies insulation effectiveness between metal layers. Finally,
preliminary electrochemical impedance measurements confirm the predicted versatility of
these CMOS-compatible electrodes, representing a step forward towards ultra-miniaturized

neural implants.

Keywords: neural implants; brain—machine interfaces; cortical interfaces; cmos micro-

fabrication; microelectrodes; platinum electrodes; electrochemical sensing; dopamine;
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Abstract in lingua italiana

Oggigiorno gli impianti neurali sono di crescente interesse per biologia e medicina. La
stimolazione e il rilevamento neuronali diretti migliorano la comprensione del funzion-
amento cerebrale, introducendo al contempo soluzioni innovative per il trattamento di
diversi disturbi.

Nel vivo ambiente di ricerca sviluppatosi attorno al tema é nato il progetto Smart Micro
Neural Dot, finalizzato allo sviluppo di una protesi visiva corticale wireless e miniatur-
izzata basata su un array di microstimolatori CMOS indipendenti. A tale scopo sono
stati sviluppati microelettrodi pieghevoli penetranti; tuttavia il loro design innovativo
suggerisce una versatilita che va oltre il solo ripristino della vista.

Il rilevamento elettrochimico rappresenta un’applicazione promettente, poiché il moni-
toraggio dei neurotrasmettitori ¢ di rilevanza clinica. La disregolazione della dopamina,
ad esempio, & associata a disturbi neurologici quali morbo di Parkinson e schizofrenia.
L’obiettivo di questa tesi € ottimizzare il processo di fabbricazione degli elettrodi per
adattarli alle misure elettrochimiche.

I dispositivi sono stati realizzati presso il Center of Micro Nano Technology (CMi) dell’Ecole
Polytechnique Fédérale de Lausanne (EPFL). Sono costituiti da un chip CMOS di 500 x
500 um? e da due bracci opposti e da due bracci opposti, in Al e isolati da SiOs;un sec-
ondo strato metallico funge da interfaccia elettrica. Il Pt é stato selezionato per 'elevata
conduttivita e la capacita di rilevare la dopamina senza funzionalizzazione superficiale,
rendendola adatta a validazioni preliminari. L’isolamento ¢ garantito da Si0,, lasciando
esposti solo elettrodi e pad di test. Alla fabbricazione frontale seguono I’assottigliamento
del substrato e un etching profondo del silicio dal lato posteriore per consentire il rilascio
dal wafer.

La caratterizzazione elettrica ha verificato l'efficacia dell’isolamento tra gli strati metallici.
Infine, misure preliminari di impedenza elettrochimica hanno confermato la versatilita di

questi elettrodi, rappresentando un passo verso impianti neurali ultra-miniaturizzati.

Parole chiave: impianti neurali; interfacce cervello-computer; interfacce corticali; mi-

crofabbricazione cmos; microelettrodi; elettrodi di platino; rilevamento elettrochimico;
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]_ Introduction

Brain has always been one of the most fascinating systems in biology, due to its complexity
and to the mysteries hidden behind it, yet to be discovered. A wide variety of signals
are transmitted within the neural network, both due to neurons discharges and to the
release of neurotransmitters, all contributing to: sensory perception. motion, cognition,
and emotions [1|. The possibility of detecting both these signals, directly into the brain,
can significantly improve our understanding on the system. Moreover, the development
of prosthetic devices, based on neural electronic interfaces, can improve the treating of
various disorders [2]. Through the years a wide variety of solutions have been proposed
to achieve intracortical and deep brain stimulation and recording; here a brief summary
of the main typologies of these devices is provided. Particular attention will be posed on
St based systems, to which the Smart Micro Neural Dot project, foundation of this thesis

work, belongs to.

1.1. Overview on Neural Implants

Despite the wide variety of solutions that have been proposed to achieve stimulation and
recording into the brain tissue, three main categories of electrodes can be defined: micro-
wires, flexible electrodes and silicon based devices. To have clear understanding on the
context in which this project is inserted, a brief discussion about the main advantages

and limitations of all these typologies is required.

1.1.1. Micro-wires Electrodes

The earliest examples of neural implants were single-site metal wires, in which a metallic
filament is insulated, except for the tip, and is then inserted into the brain. A pioneering
case is given by Hubel in 1957, who used a tungsten wire, insulated up to the tip, to
record single neuron action potentials [3]. Apart from tungsten, other materials that have
been used in their fabrication are: platinum [4], platinum-iridium alloys |5] and titanium
[6]. Usually insinuation is achieved by coating the wire with bio-compatible polymers,

such as parylene [7] or PTFE (teflon) [8]. Moreover, impedance reduction to improve
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signal recording and noise can be obtained by surface treatments on the electrode tip,
such as carbon nanotubes coatings [9]. Despite offering the possibility of achieving single
neuron level recordings, in deep areas of the brain, these wires, as stated in their name, are
limited to detection in a single site. In order to retrieve informations across a wide region
of the neural network, multi-sites systems are required. These can be obtained either by
fabricating wires able to simultaneously detect and discern multiple neuron signals or by
arranging multiple wires into arrays, so to reach large lateral extension.

Some notable examples for the first approach are the stereotrode [10] and its evolution,
the tetrode [11, 12], respectively composed of 2 and 4 metallic wires, encapsulated to the
tip in an insulator and twisted together. They are based on the fact that different spike-
amplitude ratios are detected, for cells with different distance ratios from the electrodes
tips [10]. In more recent years a further evolution of the concept has been brought by
implementations of heptodes [13, 14| that enhance recording and allow sorting of the
spikes. Another possibility to achieve multi-site sensing, is to use long shafts or needles
along which multiple electrodes are linearly distributed [15, 16]. However due to their
rigidity these devices tend to induce inflammatory response and glial cells growth around
them [17| reducing significantly their performances [18|. This makes them more suitable
for acute recording than chronic implantation.

To improve the lateral reach of wire electrodes, they can be disposed in bundles, manually
or semi-automatically. A similar system has been used, for example, even in clinical trials
on the temporal lobe of patients affected by epilepsy [19].

Despite being able to reach single neuron stimulation and recording, metal micro-wires
have some major limitations: they tend to degrade, loosing signal quality with time [20],
moreover, due to their fragility, they require rigid catheters for the insertion, worsening

the tissue damage during implantation.

Compression
contact

Threaded bundle
collet

(a) Tetrode SEM. (b) Wires Bundle.

Figure 1.1: (a) Scanning Electron Microscope (SEM) image of a tetrode electrode, from

[21]. Scheme of a wires bundle based system for neural recordings, taken from [22].
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1.1.2. Silicon Based Electrodes

Advancements in micro and nano-machining technologies have offered the opportunity
of avoiding the traditional production and assembly method used for wire-based neural
implants, in favor of Si-based fabrication methods. These allow a precise control over
shape and size of fabricated micro-electrodes, with a precision of 1u or less, so that
the integration of tens of channels in considerably small devices becomes possible [23].
Moreover miniaturization improves the organism response to the implantation, reducing
inflammatory response and scar tissue formation |20, 24|. Since the electrodes fabricated
for the project are also Si-based, a more extensive summary of the most renewed examples

in literature is provided.

Michigan Electrode Array

One of the first Si-based devices was developed in 1970 by the University of Michigan [25].
It consists of a flat probe that acts as a substrate for thin-film deposited micro-electrodes,
insulated by dielectric layers. On each probe multiple independent electrodes can be
placed, offering the possibility both for cortical and deep brain detection, depending on
the probe length, that goes from mm to few em. Moreover, thanks to its flat surface, the
probe is suitable for embedding of on-chip electronics for control of the device itself. The
fabrication process is based on the selective diffusion of B into a silicon wafer, so to define
shape and thickness of the final probe. Then S7 insulation is achieved by Chemical Vapor
Deposition (CVD) of SiOy or SigNy4. Selective etching of the dielectric layer offers the
access to the doped polysilicon substrate. Recording sites are obtained by metal layers
on top of the dielectric; the metal are deposited and patterned to produce electrode sites
and pads, by lift-off techniques. A second dielectric deposition and etching is used to
expose the recording sites. After the wafer is thinned, it is placed in ethylenediamine-
pyrocatechol, which selectively etches away the undoped silicon. This fabrication method
allows to obtain a wide variety of sizes and shapes, depending on the target of application
desired [26].

Another interesting possibility offered by these probes is to arrange them in arrays, in
order to obtain record and stimulation of a large number of neurons in 3D space [27|. The
main downside of this probes are related to their fragility and rigidity. In fact, due to the
first, mechanical stress can lead to fractures, limiting their use for long term implantation
[28]. While the second can induce foreign body response and glial scar tissue formation,

due to mismatch in micro-movements of the probes with respect to the brain [29].
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(a) Michigan probe representation. (b) Michigan probes array.

Figure 1.2: (a) Single Michigan probe representation. Taken from [30]. (b) 3D array of
Michigan probes, from [31].

Utah Electrode Array

Another well known silicon based device is the Utah array developed by Norman and
colleges in the 90s 32, 33|, consisting in silicon column vertically oriented with respect to
the substrate. A unique method was initially used for their fabrication: thermomigration
[34]. Thanks to it electrical insulation of individual electrodes is achieved before any
micromachining, by exploiting a pair of opposing p-n junctions between any two columns.
Nowadays a different method is exploited, in which on one side of the wafer saw kerfs
are carved and filled with fused frit glass, that is then let solidify. Then deep saw kerfs
remove a significant portion of the material, leading to the production of an array of long
independent electrodes "essentially suspended in a sea of glass substrate" [34].

Utah electrode array has an electrically active site at the tip of each column, while the
remaining structure is insulated with biocompatible materials. In addition the tip are
usually coated by Pt or Au. Finally, there is the possibility of having all the electrodes
with the same height 32| or with different ones, so to detect signals coming from different
regions of the cortex [35]. Further improvements of these devices consists in the fabrication
of multiple active sites along each probe, singificantly increasing channel density with
respect to traditional arrays [36]

Utah arrays are well known in terms of clinical trials and have been used for a wide variety
of applications, such as artificial limbs control [37], sensory feedbacks 38| and phosphenes
generation to restore weak perception in visually impaired patients [39].

Due to their dimensions Utah arrays are limited for implantation in the cerebral cortex
and are not suitable for deep brain stimulation or recording. However, the main issue is

related to their structure, in fact, compared with the thin Michigan probe, they consists
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of about 100 needles, usually capable of recording signals from a single site each, such a
density of penetrating objects can induce strong foreign body response in chronic implants
[20, 40].

p type saw
silicon kerfs 400um

glass

300um

g

glass

columns
3.

(a) Utah arrays fabrication. (b) Slant Utah array.

Figure 1.3: (a) Fabrication scheme of Utah arrays based on saw kerfs. Taken from [34].

(b) Slant Utah electrodes array, image from [35].

Recent Developments
In recent years, many other silicon based systems have been proposed, demonstrating the
vivid research interest that these devices still offers. Some relevant examples, for which

in-vivo tests have been performed, are reported:

e MEMS wafer processing technology is used for the realization of silicon probes, by
sputtering Ti and TiN conductive layers on silicon-on-insulator (SOI) substrate.
Then the probes are released and recording sites are modified with carbon nan-
otubes, grown by CVD, to increase the surface area significantly, reducing the over-
all impedance. These electrodes were tested in primates to record epileptic seizures
[41].

e A linear, Michigan inspired, Micro Electrodes Array (MEA) has been fabricated.
The device has 16 recording sites, a length of 25mm and a cross section of 30 x
300um?. Recording sites have been modified with platinum black nanoparticles and
nafion, a fluoropolymer, so to make them suitable both for spikes recording and

dopamine detection, an important neurotransmitter [42].

e Neuropixels electrode are based on CMOS technology, that allows to dramatically

reduce recording sites size, in order to increase the density of them on the probe.
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Critical dimensions offered by CMOS technologies are in the order of 100nm, unlike
traditional photolithography, that can usually not go beyond 1um. This allowed
the production of a single 10mm long electrode, with a cross section of 20 x 70um?,

embedding in it almost 1000 recording sites [43].

1.1.3. Flexible Electrodes

It has been observed how one of the main issues of neural implants listed above, espe-
cially for chronic implantation, is given by the immune response caused by the movement
between rigid bodies and the brain. A possible solution to reduce such response is to
exploit flexible electrodes, in particular parylene-C and poliimmide are used as substrates
to embed thin film micro-fabricated MEA. These polymers are often used due to their
compatibility and mechanical properties very close to the one of brain tissue [44]. De-
spite the advantage of inducing minimal inflammatory response, these electrodes share
the same problem in deep implantation seen for metal micro-wires, the need of a rigid
support for the insertion. So, together with the electrodes, it is crucial to design a sup-
port for implantation, that can then be removed afterwards [23]. The interest towards
flexible multichannel electrodes has been significant in recent years both from academia
and industry.

In the first, a notable example is the Neuroscroll, an over 1000 channels probe, fabricated
by clean-room level processes on PI films and then rolled into W wires. In-vivo studies on
rodents show highly stable and reliable recording for up to 105 weeks [45]. Other inserting
results have been obtained by fabricating two mechanically robust ultra-flexible electrode
shanks on PI substrate, each with 64 microelectronics, for long-term recoding in the brain
cortex [46].

Commercially available flexible devices have been also released, such as the MicroFlex,
a 24 channel array used both for stimulation and recording [47|, or Neuralink, already

known to the general public, possessing more than 3000 gold recording sites [48].

1.2. Context of the Thesis

Among the various applications of neural implants, one of the most researched are visual
prosthetics, ultimately aiming to the restoration of vision in blind patients. This is usually
done bypassing damaged sections and directly activating downstream parts of the visual
system. Among the various methods to achieve such a goal [49], cortical implants have the
key advantage to avoid entirely visual pathways and directly stimulate areas of the brain

related to visual signals processing. This is especially advantageous since it allows to treat
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patients with many different medical conditions and injuries. One of the most common
methods is the stimulation of these areas by electric impulses, inducing generation of
phosphenes [50]. These are a visual sensations that, after a training period, can allow
the patients to proficiently distinguish objects [49]. To achieve this goal the Smart Micro
Neural Dot project has been developed.

1.2.1. Smart Micro Neural Dot Project

To achieve a reliable chronic implantation in the cortical tissue, the projects aims to
exploits an array of CMOS compatible microeletrodes, relying on a wireless powering
system [51-54|. Avoiding presence of bulky cables connections to an external power source,
in fact, is one major step forward into limiting foreign body repose in such implants. The
working principle, as illustrated in fig. 1.4, exploits an external camera to black-and-
white images of the environment, then these signals are elaborated by an external Video
Processing Unit (VPU). The informations related to the images, converted into binary
format, are transmitted via wireless from an external transmitter to an array of free-
floating penetrating electrodes thanks to inductive coils. The electrodes convey electrical
impulses to the brain cortex, for the production of phosphenes. Among the variolous
challenges that designing such a system implies, the one of interest to the scope of this

thesis is the fabrication of the electrodes themselves.

o [srem |y °

RF Base Station

vata, A | manswmren 3
) 4 —

Image Processing

CMOS unit

Image Capturing : Phopshene

Figure 1.4: Schematic that shows the functioning principle behind the Smart Micro Neural
Dot Project.

In order to produce these micro-electrodes, an innovative process has been proposed.
Nowadays, the great majority of silicon based micro-electrodes are manually affixed to
CMOS pads, consistently reducing the reliability and repeatability of the binding. More-

over, due to this approach scalability is also affected. The idea is then to produce elec-
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trodes in which the CMOS circuitry is embedded in the electrodes itself. This is done
by post-processing of a wafer on which CMOS font-end has been fabricated. Starting
from this substrate, probes can then be fabricated by a combination of front-side and
back-side machining in a clean-room level environment, this process will be discussed in
great details in chapter 2. The probes obtained are composed of three main parts: a
central chip, on which the circuitry are embedded into, and two shanks on the opposite
sides of it. The three components are connected by hinges, that allow a 90° folding of the
shanks with respect to the chip plane, in order to allow penetration of the cortical tissue.
An active site is present on each tip, allowing stimulation and phosphene production in
the implanted area. Each probe is able to convey a single pixel to the brain, so for image
reconstruction implantation of an array is required.

This pioneering design offers numerous advantages with respect to the traditional exam-

ples of Si-based cortical implants, such as the Utah array:

e Wireless: the absence of wires for powering and signal transmissions reduce in-

flammatory body response.

e Floating: reduced mismatch in micro-movements between penetrating electrodes

and brain, diminishing glial scar tissue formation.

e CMOS-compatible: Improved reliability and repeatability in the fabrication,

avoiding any manual embedding of electrodes and electronics.

e Micro-fabricated Great scalability of the process, possibility of varying parame-

ters, based on the final purpose.

9 Post Processing

N\

v\
Biosensing Front-end

from CMOS Foundry o Probe Release

N

Figure 1.5: Scheme representing the basic idea behind foldable micro-electrodes, from the

starting substrate to the implantation.
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1.2.2. Thesis Objectives

Despite the initial purpose for which these electrodes have been conceived, it is evident
that they offer a versatile and innovative approach into achieving neural stimulation and
recording in the cortex. Among the the different possibilities offered by the system, elec-
trochemical detection of neurotransmitters in the brain offer a great opportunity to verify
it’s versatility and an important step towards the realization of all-in-one devices, able to
simultaneously process stimulation and detection.

This thesis work, in particular, focus on the realization of micro-electrodes for dopamine
detection, that is clinically relevant neurotransmitter [42], strongly associated with Parkin-
son’s disease [55] and schizophrenia [56]. In additon, thanks to its quasi-reversible redox
behavior, it’s a suitable analyte for preliminary electrochemical measurements, without
the need for specific surface functionalization. At this scope, a modified version of the
fabrication procedure, for the obtainment of foldable electrodes, has been developed.
Moreover, according to previous experimental observations, some general optimizations
have been implemented. It is also worth mentioning that, despite not being part of the
discussion found in the following pages, an ultra miniaturized and fully digital potentio-
stat has already been developed [57]|. The circuit is considerably smaller than the central
chip of the probe, ensuring the possibility of future embedding into it.

In addition this thesis aims to perform, for the first time, electrical characterization of
the devices, in order to ensure the independence between different channels of the elec-
trodes. Finally preliminary electrochemical characterization is performed, so to estimate
the impedance range of the system, once immersed in electrolytic solutions, and to com-

pare its behavior with electrodes of similar size present in literature.
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2 Electrodes Microfabrication

Through the following chapter the design of the electrodes and the reasoning behind it will
be described, together with their fabrication procedure. In particular four macro topics
will be discussed: design, front-side fabrication, back-side fabrication, probe release and

bending.

2.1. Electrodes Design

Having assessed the basic concepts behind the idea of foldable CMOS compatible neural
probes, in section 1.2.1, a description of the actual samples produced during this project is
imperative. In particular all the designed layers that need to be shaped for the fabrication
of the probes will be shown, focusing on the reasons that brought to the choices made in
term of geometries.

First of all, a general description of the layers present in the probes will be provided.
Then, each layer will be addressed and discussed, starting from the one at the bottom
going towards the top. As it will be discussed in next sections, this is not the order
of fabrication of the layers, but this approach is more intuitive and avoid unnecessary
confusions. Moreover, once the structure will be clarified, following the steps required for

its fabrication will be much more natural.

2.1.1. List of the Layers

A scheme of the layers that are going to be enunciated is depicted in fig. 2.1.

e Bottom Insulation Layer: At the very bottom of the probes an insulation layer
has to be present, in fact this is a surface directly exposed to the environment. The
layer has to be an insulator, able to resist to the conditions of the cortical tissue

and bio-compatible.

e Structural Layer: Its main purpuse is to increase the stiffness of the probes. From
previous studies [58], in fact, it has been proven that its absence cause bending of

the thin foldable shanks. In addition it also constitutes the layer in which the chip
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will be embedded in the final version of the probes, so it must be a material used

in CMOS industry, in particular Si has been chosen.

e Middle Insulation Layer n.1: It has the scope of separating the structural layer

form the metallic bendable shanks, insulating them electrically.

e Layer for Bendable shanks It has been decided to separate bendable shanks and
electrical paths, so to have more freedom in changing number and position of the
electrodes, without having to overturn the probes design. So the layer has a purely
structural purpose, it must be sufficiently stiff not to bend during insertion into the

brain, while being ductile enough to allow shanks folding without breakage.
e Middle Insulation Layer n.2: It separates the shanks from the electrical layer.

e Electrical Layer: It comprises all the electrodes, tracks and pads present on the
shanks. It must be bio-compatible and electrically conductive, in addition, to achieve
electrochemical sensing, it must be made of a material whose properties in such field

are renewed.

e Top Insulation Layer: It has the same function of the insulation layer on the
bottom, in fact the two combined encapsulate completely the probes. In addition

to it, the layer also defines the exposed areas of electrodes and testing pads.

mmm Bottom Insulation = Middle Insulation n.2
Structural mmm Electrical
mmm Middle Insualtion n.1 Top Insulation

=== Bendable Shafts

Figure 2.1: A simplified version of the design of the probes, in which each layer is identified

with a different color, independently on its material.

Before proceeding further, it should be noted that all the insulation layers presented do
not require any patterning, since they follow the shape of the other features presented,
so they won’t be discussed in the following subsections. The only virtuous exception is
the top insulation, whose geometry determines the exposure to the environment of the
electrical layer. To ensure an intuitive visualization of the top view of the probes, the

same color scheme of fig. 2.1 will be applied to the following designs.
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Finally it is worth to remind that, when it comes to S7 based micro-fabrication techniques,
the design, essentially, can be only performed in 2D, while the thickness of each layer is
given by process parameters, these last ones will be discussed in depth in section 2.2 and
section 2.3. The software used to design the probes is KLayout, an open source layout
viewer and editor [59], able to generate files in a format compatible with the tools used

for manufacturing the samples [60].

2.1.2. Structural Layer

As discussed in previous subsection, the purposes of the layer are to increase the stiffness
of the whole structure and to define the square in which the integrated circuits will be
allocated. In particular a 500 x 500 um? square is located at the center of the probes, an
area more that sufficient to host the custom ultra-miniaturized potentiostat that’s been
developed to control the fabricated electrodes [57|. It has been already demonstrated
that such area could be reduced even further, previous versions of the probes have been
produced with a central square of 250 x 250 um?. However, to facilitate electrical testing,
one of the novelties of the following work, a larger surface area has been preferred.

The supports of the folding shanks matches the geometry of the latter, the reasons behind
which will be discussed shortly; but one of the most important parameters to take into ac-
count is the distance between such supports and the central square. In fact, such distance
has to be larger than the thickness of the layer itself, otherwise folding is prevented. In
the case in exam its value is 74 pm, while the structural layer is only 30 pm thick, so no
hindrance is expected. Even considering some safety margins, there is still the possibility
of increasing structural layer thickness without modifying the probes design, nevertheless
it has been previously assessed that 30 um of S7 offer and adequate rigidity to the shanks,

avoiding their bending and buckling during insertion in brain tissue [58].

=+ <« 74um

—
500 pm

Figure 2.2: Design of the Si structural layer, a 500 x 500um? square is seen in the center,

while the shanks support are distanced from it by 74um

To avoid processing of the whole wafer, during patterning of each layer, that would cause

a embrittlement of the substrate and an high possibility of catastrophic failure, only a
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small portion of the surfaced is affected by etching steps. This is defined by an ellipse

around each sample, as depicted in fig. 2.3, while the rest of the wafer will maintain its

original thickness.

1280 um

5130 pm

Figure 2.3: Ellipse that denotes the area affected by etching processes. Its major axis is

about 5130um long, while its smaller has a length of 1280um.

2.1.3. Foldable shanks

The key feature, that differentiate the probes in exam from other devices for neural stim-
ulation and recording, is the CMOS compatible process through which they are produced.
To be able to penetrate the cortex though, sharp and pointy structure are required, this
is achieved, as anticipated, by foldable shanks. These structures are fabricated on the
same plane of the central square, in which the electronic devices will be embedded, and
are then bent, until they are orthogonal to it. So the material to use have to be flexible
and ductile enough to be folded by a 90° angle, without failing, but at the same time, no
deformation of the shanks has to occur during insertion. It has been shown in previous
studies that aluminum meet such requirements [58]. In addition to it, such material is
compatible with CMOS industry and thick layer of it can be deposited on top of wafers.
In case of neural stimulation, as briefly discussed in section 1.2.1, two electrodes, one
per shank, are sufficient to achieve the prefixed goal. For this reason, in that case, Al
layer can be used both as structural layer and as electrical connection between the central
chip and the electrodes on the shanks tips. If one aims to record electrochemical signal,
three electrodes are required: a Working Electrode (WE), a Counter Electrode (CE) and
a Reference Electrode (RE) [61]. The reasons behind it will be discussed in depth in
section 3.3.1, at the moment it’s sufficient to say that: to exploit Al shanks as electrical
layer, while keeping at the same time three independent electrodes, a trench that sepa-
rates one of the beams should be implemented. This approach has multiple limitations,
first of all the presence of such a trench may alter structural stability of the shank that it
splits. Secondly, it limits the number of electrodes that one could implement on a single

shank, since for each one a trench would be needed, compromising stability even further.
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For these reasons a more reliable and versatile approach has been selected, in which Al
layer is used purely for its mechanical properties, it is then insulated and the electrodes
are pattern on top of the shank, using a different metal layer. In particular a thickness of
4 pym has been selected, since it meets the discussed structural requirements.

The shape of the shanks is largely based on the one of the Michigan Probe, due to its
proven structural stability [25]. The total length of each beam is 1656 um, so that, after
bending, deep regions of the brain cortex can be reached. A portion of each shank, with
a length of only 82 um, overlaps the area of the central square, connection between the
two components is guaranteed simply by adhesion, the stability of such bond has been

demonstrated in previous versions of the process.

——

1656 pm

Figure 2.4: Aluminum shanks are depicted, both the total length of each shank and the
one of the region anchored to the central chip are remarked. It can be noticed that

between the Al shanks and Si components, a middle insulation layer is present (in green).

2.1.4. Electrical Layer

Having separated structural purposed layers from the electrical one, the only restrictions
related to the material choice of the latter are related to its application. The material
has to be conductive, biocompatible, and suitable for the electrochemical detection of
the target molecule. The first material that comes to mind, when considering dopamine
detection, i.e. the molecule that we aim to record with the fabricated device, is platinum.
This is particularly advantageous since it matches all the enunciated characteristics and
it even allows dopamine detection without a surface functionalization of the electrodes
[42]

Let’s now discuss the reasoning behind the design of the geometry of the layer. As
a general rule, to minimize parasitic capacitances, metal track that connect pads and
electrodes should be as narrow as possible. It can be easily seen from fig. 2.5, that
a completely opposite approach has been chosen, in fact Pt covers almost entirely the
surface of the properly insulated shanks. The beam that hosts two electrodes has the
Pt layer split in two sections by a trench, with a width of 10 gum. This approach has

been chosen since, despite not being optimal from a Signal to Noise Ratio (SNR) point of
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view, it ensures connection between pads for testing, that will be positioned at the base
of the shank, and the electrodes along it, even after bending. The core idea behind this
choice, then, is to ensure the resilience of the electrical layer and the functioning of the
probes before and after folding procedure. Then, after such assessment will be completed,

optimization of the design to increment SNR will be implemented.

(a) Platinum Layer on the Probes

(b) Trench between Platinum Regions

Figure 2.5: (a) The platinum layer (purple) cover the probes shank, separating them in
three region, each one corresponds to an electrode. (b) Detail of the 10 um trench that

separates the two electrodes on the shank on the right.

In addition, the possibility of having multiple working electrodes on a single shank has
been explored, by simply increasing the number of trenches, separating the layer in four
independent conductive paths. To be able to do so the width of the trenches goes from
10 pm, as in the previous case, at the base, while it’s decreased down to 5 pm as the shaft
becomes narrower. It should be noted that the Critical Dimension (CD) of the fabrication
process used for the production of the probes is 1 um.

In this way, we did not only showed the versatility of the proposed design, but also
introduced a first step towards the possibility of multi-sensing, i.e. the ability of combining

multiple signals for an increased accuracy [62].
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(a) Platinum Layer for Multiple Electrodes

(b) Trenches between Platinum Regions in Mul-

tiple Electrodes Case

Figure 2.6: (a) Similar to the previous case, platinum layer covers the shanks, this time
on the right one four regions can be identified, separated by trenches (b) Each trench has
a minimum width of 5 um; this reduction is necessary to be able to accommodate all of

them on the narrow shank.

2.1.5. Top Insulation Layer

As anticipated the top layer not only insulates the fabricated probes from the environment,
but it also defines the final geometry of the electrodes present on them. This approach
allows to experiment with sizes and shapes of these, without the need to modify the design
of the underlying layers. This reason, combined with the fact that each wafer holds more
than 100 samples, brought to the decision of fabricating multiple designs, each with a
different scope.

In general, as anticipated, three electrodes have to be deigned: WE, RE, CE. Working
electrode is the surface on which the reaction we’re interested to detect is supposed to
occur, while the counter electrode balances the current flow. At the same time a reference
electrode is used to set a known value of potential for an accurate measurement [61];

details are provided in section 3.3.1.

Standard Design
First of all, to perform comparative evaluations on the performances guaranteed by each
variant of the design, a sort of standard has been defined. This is constituted by a probe

in which no parameter has been brought to the extreme of the technology and reasonable
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sizes has been used, so to minimize risk of failures during the fabrication.

WE and RE are both squares of 50 x 40 um?, these areas are easily obtained by the
fabrication process used, which has a critical dimension (CD) of 1 um |63, 64|, while also
being sufficiently small to be placed along the shank, at an adequate distance from their
edges. Since, as a general rule [61], WE and RE should be as close as possible, they have

2. Thus, its area is 10

been placed on the same shank. CE, instead, is a 40 x 500 um
times larger than that of the other electrodes; this was done to avoid counter electrode
saturation phenomena. The elongated shape is a constriction given by its positioning on
the shank. At the base of the shanks, in the regions anchored to the central S7 chip, three
pads, once per electrode, are also exposed. These are necessary to perform electrical and

electrochemical testing on the probes after their fabrication.

CE ' RE WE
I ' - -

(a) Standard Design of Foldable Probes

50 ym
(b) Working Electrode of the Standard Design

Figure 2.7: (a) The design used as a standard for the produced foldable probes is depicted.
20’000 m? CE can be observed on the shank on the left, while 2000 ym? WE and RE are
on the other. (b) Each trench has a minimum width of 5 pm, this reduction is necessary

to be able to accommodate all of them on the narrow shank.

Multiple Working Electrodes Design

Exploiting the Pt structures that can be seen in fig. 2.6, three WE are designed on the
shank that allocates also the reference electrode. The dimensions considered are exactly
the same of the standard design, since in this case the aim was to present the possibility
of performing multi-sensing with the proposed device, so no additional change in the
parameters was required. In addition, this design could be used to verify and quantify
the benefit of modifying the distance between working and reference electrode, at such

small scale.
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Figure 2.8: Three different working electrodes are present on the shank on the right, at
an increasing distance from the reference one. In particular the closest is at about 100 um
from RE, the one in the middle at 250 um and the furthest at 500 pm.

Small Electrodes Design

Ideally, to have deeper detection into the brain tissue, WE should be placed as close
as possible to the tip of the shank. To do so miniaturization of the three electrodes is
proposed, in particular, in this case, WE and RE have an area of about 400 um? while
the CE one is 4000 pum? wide. To avoid having to re-design also Pt layer underneath,
positioning of the electrodes has remained unchanged with respect to the one present on
the standard design, but the proposed areas would allow to place the WE at the tip of the
device, so to guarantee detection at maximum depth. Finally, the shape of the electrodes
have been changed, from square to circles, due to manufacturing reasons. In fact, the
layer will be patterned by photolithography, a technique that exploits a photosensitive
polymer as mask for the etching of the material underneath; details about the process are
discussed in section 2.2.4. Is is usually advise to avoid the presence of holes with sharp
angles in the feature, since the polymer may accumulate in their proximity, resulting in a
poor fidelity of the final trench with respect to the design. In the previous case, the area of
the electrodes was large enough that, even in case of polymer accumulation, the reduction
of the area resulting by it would be negligible. In addition, for the same area, rectangular
shape allows to place the electrodes closer to the shank tip. With miniaturization instead,

the balance between the two problems swaps, so circular areas have been selected.
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(a) Small Electrodes Design Foldable Probes

(b) Working Electrode of the Small
Electrodes Design

Figure 2.9: (a) In this case WE and RE are 400 um? circles, while CE is a 4000 um? one.
(b) WE is depicted, the radius of about 22.6 um

Design for Functionalization

As stated in section 1.2.2 dopamine has been selected as molecule to detect, both due to it’s
medical relevance and since it does not require any functionalization of the electrodes to
be sensed. It is then the perfect candidate to asses the functioning of electrodes fabricated
following this novel procedure. At the same time, it would be optimal to demonstrate
the possibility of detecting other relevant molecules with the same device; these, on the
contrary, may require functionalization of the electrode surface, to be measured. The
standard design proposed, due to the significant miniaturization employed on it, does
now allow a practical manual functionalization of the working electrode. So a design
in which much larger working and counter are exploited, is proposed. In this case the
WE area is 20’000 pum large and covers the whole tip of the shank. The area of the RE
and its position are the same of the standard one, so that, even if on the same shank,
functionalizing the WE without affecting the reference one is a viable option. Finally,
the area of the CE is increased up to 110’000 um?, so to keep it larger than the working

electrode one, and it now covers almost the whole shank.
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Figure 2.10: Design of Foldable Probes for Functionalization, in which a 20’000 um? WE
covers the tip of the right shank. Wile on the one on the left a very large, 110'000 pm?,

counter electrode is placed.

2.2. Front-side Fabrication

Having discussed about the electrodes design, it is time to consider their actual fabrication.
In particular we’ll now focus on the processing of the front side, in which the functional

parts and most of the structural components of the probes will be defined and produced.

2.2.1. Substrate Choice

The chosen substrate was a Si/100mm/DSP/1-10/TTV2 Wafer [65] produced by Ultrasil
LLC. The 100mm diameter was selected due to its high compatibility with most of the
machines present in CMi and for being a common standard for research purposes [66].
One of the parameters of this specific substrate that was of most relevance for the scope
of the project, and ultimately led to the choice, was the thickness of 380 + 10 pum, in fact,
this is the smallest value among the ready-to-use substrates present in CMi[67]. This is
crucial since in a subsequent step, see section 2.3.1, the wafer is grinded to further reduce

its thickness; thus choosing a small initial value reduce S7 waste.

Figure 2.11: 100mm Si wafers, with various layers deposited on top, CMi homepage [68]

2.2.2. RCA and Wet Oxide Deposition

RCA Cleaning
After choosing the substrate, the first step required is its preparation for the scope of the
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project, in particular this is composed of two steps: RCA cleaning and wet oxidation of
the substrate; both are a service offered by CMi staff.

RCA is a standard cleaning procedure developed by W. Kern et al. in 1970 [69], aimed
to removal of organic and metallic particles that may be present on Si substrates surface.

In CMi is carried out on the Plade RCA wet bench, according to the following procedure:

1. RCA 1 for organic residuals removal, in a H,O : NH,OH : HyO, (5 :1: 1) solution
for 15 min at 25°C [N HyOH: Ammonia 28%, H>0,: Hydrogen peroxide 30%]

2. Rinse 1 min

3. Removal of SiO; generated during RCA 1 through an HF : H,O (1 : 10) solution
for 15 s at 20°C (This step is optional and can be skipped for blanket silicon wafers
with oxide on it) [HF: Hydrofluoric acid 49%)|

4. Rinse 1 min

5. RCA 2 for metallic elements removal, in a H,O : HCl : HyOy (6 : 1 : 1) solution
for 15 min at 75°C [HCI: Hydrochloric acid 37%, Hy0,: Hydrogen peroxide 30%)]

6. Full rinse for 15 min with the Fast Fill Rinse (FFR) bath and the Trickle Tank
(TT) bath

7. Drying of the wafers with the Spin Rinse and Dry (SRD) system [69].

Wet Oxidation

After RCA cleaning the wafers are placed in furnaces (Centrotherm International AG,
Germany) so that thermal growth of 200 nm of SiO, can be performed. This layer is
useful to our scope since it acts as an insulator between Si substrate and the layer that
will be deposited in the next steps.

There are two main techniques for thermal growth of SiO,: dry and wet oxidation |70].
Dry oxidation is performed in a pure O, atmosphere, in a temperature range between
200°C and 1050°C and it’s aimed on production of thin layers with an high control of
thickness. For thicker layers (> 200 nm) wet oxidation is typically used, performed in a
O,/ Hy atmosphere in the same temperature range of dry oxidation. It is used to obtain
thicker layers at a much higher growth rate [70]. A comparison between growth rate can
be observed in fig. 2.12.
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Figure 2.12: Growth time with respect to thickness can be observed at different temper-

atures, both for (a) dry oxide process and (b) wet oxide one. Taken from [71].

For our specific needs a precise control of the thickness is not required, for this reason
the cheaper and faster wet oxide technique has been selected. RCA cleaning and SiOs
growth are performed on both sides of the wafer, the final result can be schematically

seen in figure fig. 2.13.

= Si0,

Figure 2.13: Si wafer section, S10O; present on both sides

2.2.3. Aluminum Layer

After substrate preparation the very next step consist in the deposition of a thick Al layer
that constitute the structural material used for the bendable shanks previously described.
In particular the metal layer is composed of: 10 nm of T'i, used as adhesion layer between
the dielectric substrate and the metal, and 4 um of Al. This specific thickness has been
chosen since it provides an adequate structural support without preventing bending of
the shanks [58].

Deposition of both materials is performed by sputtering through Spider 600 (Pfeiffer
Vacuum, Germany), a cluster tool able to deposit metallic and dielectric materials on

wafers by RF, DC or pulsed DC sputtering. Sputtering has been chosen with respect to
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other techniques, such as evaporation, due to the higher thickness that can be obtained
through it, LAB 600H (Btihler Leybold Optics, Germany), for example, is able to deposit
Al up to a maximum thickness of 2.5 pm [72].

Spider 600 is equipped with four Process Modules (PM) and a loadlock, connected to
each other through transfer module; each PM it’s equipped with a planar 200 mm target.
Thanks to this configuration it’s possible to deposit up to four different materials without
exposing the sample to the atmosphere. The tool is equipped with a substrate holder able
to heat up, so that depositions can be carried out in a range of temperature that goes
between room temperature and 350°C, at a pressure < 5.10 — 7 mbar|73|. T sputtering
can be performed in PM1, while Al has to be deposited in PM4, both processes are carried

out at room temperature, the details on their parameters are listed in table 2.1.

Power Ar Dep. Rate | Ramp
[W] [scem] | [nm/min] [s]

Ti 1 Ti r Ti(1)-# RF 1000 15.0 84.8 5

Al 4 Al (AlSi) Al-# DC Maris 1000 15.0 198.0 5

Material | PM | Target | Recipe | Source

Table 2.1: Titanium and Aluminum spider 600 process parameters [73]

To achieve the desired thickness it is required to compute the time of deposition. Since
in Spider 600 there is no shutter between substrate and target, the rump up time to
achieve nominal value of power has to be considered, thus the following procedure has to
be followed [74]:

1. Computation of the deposited thickness during ramp time, according to

t
Thickness,qmp = QOp - dep.rate

2. Deposited thickness during ramp up is subtracted to the final wanted thickness

Thickness,emaining = Thicknessiorq — Thickness,qmyp

3. The remaining time is calculated through

Thickness,emaining

tremaining =

dep.rate
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4. So the final time is given by

ttotal = tramp + tremaining

In our case we can apply the following procedure for 7% layer, according to data in
table 2.1, obtaining:
tr; =10 s

It is important to note that the minimum unit of time accepted by the tool software is

1 s. While for Al deposition we have Thickness,qm, << Thicnkessi,q so it’s safe to

Thicnkessiotal

deprat thus obtaining:

neglect the ramp up time and simply consider ¢4, =

tAl =20 min—|—12 S

One last consideration to make before proceeding to the next fabrication step is about the
necessity of using dummy wafers to clean the targets before proceeding with deposition
on the sample. In fact it is important to note that during handling and substitution
of target, they are exposed to the atmosphere, so thin oxide films can form on their
surface. Target cleaning recipes allow to sputter and deposit those oxides on dummies,
without contaminating the processed wafer|73]. A section of the wafer after this step is
schematically depicted in fig. 2.14, note that T% layer has been neglected for simplicity
reasons.

m— Al

= SiO,

Figure 2.14: Wafer cross section after 7% and Al deposition

2.2.4. First Photolithography

Once the Al structural layer has been deposited, the very next step before etching the
metal is to pattern the wanted design on top of the wafer surface; this can be achieved

through photolithography. It is worth to explain some of the basics behind this technique
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before proceeding further. Photolithography is a sequence of processing steps that allows
the deposition and patterning of a photosensitive layer, typically a polymer, called pho-
toresist (PR) [75]. Photolithography is composed of three main steps: coating, exposure

and development.

Coating

First of all, before PR application, it’s a good practice to obtain optimal results to clean
the wafer surface. The cleaning methods are many|75] and they can be more aggressive
ones: as RCA, seen in section 2.2.2, or Piranha solution based cleaning, a mixture of
sulfuric acid, hydrogen peroxide and deionized (DI) water. The use of such aggressive
methods has to be evaluated case by case, since it strongly depends on the possible
contaminants present on the surface and on their compatibility with the materials present
on it. In the most typical case, such as ours, in which surface has simply to be cleaned by
dust particles that, despite the clean-room controlled environment, may be accumulated
on the surface, the most used method are: blowing the surface using a nitrogen gun or,
eventually, using a standard Acetone/IPA /DI water cleaning procedure. This last one is
standard procedure to remove organic residuals, such as the ones coming from a previous
photolithographic steps, without risking to damage the substrate. It consists in the wafer
dipping in acetone, to dissolve organic compounds, followed by a rinsing with isopropanol
(IPA); finally DI water rinse is used to remove possible ionic species |75].

Once the surface is adequately cleaned it is recommended to improve its adhesion with
the polymer that has to be applied on it, to do so there are three main techniques:

dehydration, HMDS application and Oy plasma treatment.

e Dehydration simply consists in the removal of moisture present on the surface

through heating, typically performed between 130°C and 160°C for a few minutes.

e HMDS consists in the application of hexamethyldisilazane, [(C'H3)3Si]s/NH , that
is a standard in the industry [75]. The substrate is heated between 130°C and 150°C
and HMDS is introduced in a sealed chamber at gas phase. The reaction can be

seen in fig. 2.15.

e O, plasma can be used as an alternative method to both clean and treat the
surface, since it is able to remove efficiently PR present on the surface and also the
humidity on it. The main drawback is the high hydrophilicity of the surface after

such treatment, so coating has to be done without any further delay.
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Figure 2.15: HMDS reaction in contact with Si substrate, taken from [75]

The selection of the appropriate treatment is related to the substrate material, in some
cases to the underlying layers, and to the chosen PR. Typically metal layers are treated
with dehydration, while with semiconductors and dielectrics HMDS is used. In table 2.2
we can see suggested treatments for AZ ECI 3000 (Merck KGaA, Germany) an high

resolution positive PR, depending on the substrate.

Substrate Vapor HMDS | O> Plasma | Dehydration ‘
Si v v v
Si05, Fused silica, SiN, SigNy Va4 v v
Float glass, Pyrex v &4 v
Al, Au, Pt, T v vV
Ag, Cu, Cr, Fe X vV
GaN, GaAs X vV

Table 2.2: AZ ECI 3000 suggested surface treatment based on substrate material; Legend:
v’V Strongly recommended, v* Alternative process, ... Not effective, X detrimental [64]

Once the surface has been properly treated, PR coating can be finally performed, this is
done usually by spincoating, in which a small amount of PR is deposited on top of the
substrate, that is then rotated at high speed so to spread the polymer uniformly onto
the flat wafer. This procedure can be performed both on automatic equipment, e.g. ACS
200 Gen3, (SUSS MicroTec SE, germany), and on manual one, e.g. SM-200, (Sawatec
AG, Switzerland). There are many parameters that can be controlled during this process
and their combination will determine the final thickness and uniformity of the PR. The
primary one is the speed of rotation of the wafer, typically it goes from 500 RPM to
1000 RPM in the first seconds of spinning, so to guarantee a uniform spreading of PR,
then it can be incremented up to 6000 RPM to determine the final thickness.
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\

Figure 2.16: Spin coating steps: a) PR is dropped on top of the wafer, b) Wafer is
gradually put in rotation to spread the PR, c) rotation reaches the nominal speed so that

final thickness is reached.

Usually the so called spin-curves are provided with PR datasheets, so to determine the
correct rotation speed to use to obtain the desired thickness, an example for AZ ECI 3007
can be seen in fig. 2.17.

1 5 T T T T T T
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Figure 2.17: AZ ECI 3007 spin curve, taken from [64]

Another relevant parameter that determine the final result are the type of dispense, that
can be static or dynamic, with the wafer in rotation before PR pouring. In addition,
automatic tools often offers the possibility of including sequences of: Back Side Rinse
(BSR), Edge Clean (EC) or Edge Bead Removal (EBR), that are described in figure
fig. 2.18.
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Figure 2.18: Schematic representation of EC procedure (on the left) and of EBR (on the
right) in both cases BSR is performed. |75]

After the coating has been performed, many PR require a soft bake step, in which the
substrate is heated for a few minutes in a temperature range that typically goes from
90°C to 120°C. This is done to remove the excess of solvent present in the liquid PR,
that is usually in a range of 20 — 40%, by weight, bringing this values down to 3 — 8%;

effectively stabilizing the polymer on the wafer surface.

Exposure

Exposure is the key step of photolithography, since it’s the one in which the designed
pattern is imprinted on the PR. To achieve this, the polymer is irradiated with UV light,
triggering a series of chemical reactions that make it soluble, or insoluble, in an aqueous
solution. There are two macro-categories of techniques that can be used to achieve this:
mask based technologies and mask-less ones. The first ones require production of a mask,
that has to be aligned with the processing wafer, so that light is blocked to reach regions
that one does not desire to be exposed by it. This technique is usually preferred for
high volumes production, since, once the mask has been produced, guarantees reliable
and repeatable results. In the case of interest, designs are often changed and reworked,
so producing a mask each time is detrimental in term of time and resources, thus direct
laser writing, a common mask-less exposure technique, has been selected. In the following
paragraph principles behind this technology will be unfolded. All photolithographic steps
have been performed on MLA 150 (Heidelberg Instruments, Germany), therefore it will
be used as reference to explain the key elements of direct laser writing.

Once the wafer is placed on the holder of the tool an evaluation of the rotation of the wafer
with respect to it has to be performed, in fact for a satisfactory first photolithography
PR has to be exposed as intended on the design. A first preliminary alignment of the
substrate is done by manual positioning of it, exploiting the main flat of the wafer, as
the one that can be observed on wafers in fig. 2.11. A more refined evaluation of such
rotation is then performed by the tool itself, that detects substrate thickness and edges

thanks to a pneumatic focus system. A flow of Ny coming from the write head hits the
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sample and it’s reflected toward a pressure sensor, this mechanisms is used to focus the
laser at the correct working distance, then the write head moves to detect edges of the

wafer, computing its position and rotation on the substrate |76].

Write head x

Pressure sensor

a) b) c)

Figure 2.19: a) Automatic focusing mechanism of MLA 150, b) Ny flow behaviour on

wafer surface ¢) Ny flow on wafer edges |76].

Once focusing is completed one should set the exposure parameters, that in MLA 150 are:
laser wavelength, dose and defocus. The wavelengths available on MLA 150 are 375 nm
and 405 nm, the latter is the one suggested for most of PRs, in addition to it one should
also set laser dose, measured in m.J/cm?, that strongly depends on the selected PR and
its thickness. Another important parameter is defocus, that defines the height of the PR
at which the focus is done; it range from —10 and +10, it is important to note that a
positive defocus will shift downwards into the PR [63], as depicted in fig. 2.20.

Focus=X-1

Focus=X

Focus=X+1

Figure 2.20: Focus of MLA 150 depending on the set defocus value [63].

Typically defocus and dose parameters are listed in tables that group different kinds of
PR, each with many typical thicknesses, so one could simply use the reported values.
Nonetheless there are many cases in which one might want to obtain different values with

respect to what is listed, some examples are: PR used is not listed, absence of parameters
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for the thickness of interest or presence of materials underneath PR that may affect
laser reflection on the surface. To solve this issue there are two routes, the first one is
performing a simple interpolation of values, to obtain a linear relation between thickness,
dose and defocus, that should provide reasonable values for thickness of interest. This
approach is quick, but it only applies in cases in which some data for the PR used are
present and even in those cases it may not always be reliable. The safest method, in fact,
would be to perform the so called: dose tests. In them PR is exposed so that a series of
patterns are produced on the wafer, each one represent a specific combination of dose and
defocus. Then these patterns can be visually checked to determine the best combination

of parameters to use in the case of interest.

Figure 2.21: Dose test examples, performed on 4 um of AZ 10XT. a) Severe underexpo-
sure, the pattern is barely visible. b) Underexposure, the pattern is more clear, but there

are still some residues of PR. ¢) Perfect pattern reproduction, optimal parameters.

Before proceeding to the next step of photolithography we should discuss about the two
main families of photoresists: positive tone PRs and negative tone ones. Positive PRs
becomes more solubles in the areas irradiated by UV light, so after development only
unexposed areas of the pattern are left. Negative PRs, instead, undergo photo-induced
cross-linking, making exposed parts more resistant to dissolution into developer. So in

this case only the exposed pattern is left at the end of the process.

B

Positive Negative

Figure 2.22: Positive (on the right) and negative (on the left) photoresists basic function-
ing principle [75].
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Development

As hinted in previous paragraphs, the final step of photolithography is PR development,
in which the polymer interacts with a solvent, usually aqueous based, that dissolves the
exposed areas of the resist (or the unexposed ones in case of negative tone PR). This can
be done both manually, by pouring a certain amount of developer into a glass beaker and
then dipping the wafer into it, then typically the sample is left into the solvent for some
minutes and finally it’s rinsed with DI water. Alternatively, standard wafers, as the 10cm
ones used on this process, can be developed in automatic tools as ACS 200 Gen3, (SUSS
MicroTec SE, Germany). In this case two techniques, or a combination of the two, can
be used, depending on PR thickness and viscosity: Spray and Puddle. In the first case
the wafer is put in rotation and developer is sprayed onto it, in the second the sample is
static and the developer is spread all over the surface [75]. Both manual and automatic
developments can be repeated up to three times in case of unsatisfactory results, any more

than that is typically related to underexposure problems.

Puddle Spray —

Figure 2.23: Automatic development techniques, puddle method (on the left) and spray
method (on the right) [75].

First Photolithography

Now that the theory behind photolithography has been reviewed we can discuss about the
steps that our sample has gone through. Before applying the photoresit, simply blowing
Al surface with Ny gun is sufficient to remove dust that may have been accumulated on
it. No contamination with organic materials should be present at this point, nonetheless
if one suspect it, a standard Acetone/IPA/DI Water cleaning can be performed. Since
the subsequent step is the Al plasma etching, AZ ECI 3027, a positive tone PR able
to achieve a critical dimension (CD) of 1 pum has been selected|77]. Automatic coating
will be performed by ACS 200 Gen3, (SUSS MicroTec SE, Germany), so a 4.21 um
thickness has been chosen from the ones available on the tool, this PR height guarantees
protection of the sample throughout the whole etching process [64]. As seen in table 2.2,
dehydration is the recommended surface treatment for metal substrate, thus it is been
included in the recipe on ACS 200; softbake is also included at the end of of the process.
Alternatively coating can be performed manually on SM-200, (Sawatec AG, Switzerland),
exploiting spin curves, as in fig. 2.17. In this case both dehydration and softbake have to
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be performed on hot plates, according to the following parameters:
e Dehydration: 10 min at 135°C [78]

e Softbake: 90°C for ¢ = 30 s + 30,7 - thickness [64], so given thickness = 4.2 pum,
t =2 min+ 36 s

Once PR coating has been completed the wafer is positioned in and anti-static black wafer
carrier, to avoid accidental exposure during transport. The resist is then exposed, thanks
to MLA 150 (Heidelberg Instruments, Germany). Laser wavelength used is 405 nm, while
dose and defocus should be determine based on the most updated tables present on the
tool, the exact values are related to internal parameters of the tool and may change after
maintenance, here some indicative values are reported:

Dose = 3202 [64], Defocus = +3.

It is important to note that AZ ECI 3027 is a positive PR, so the negative of the designed

structure has to be exposed, e.g. for the shanks one can look at fig. 2.24

Figure 2.24: Design that have to be exposed to obtain the wanted Al shanks, the black
region is the one irradiated by UV light.

Once exposure is completed, before proceeding with development, post exposure bake
(PEB) is required, due to the fact that AZ ECI 3027 is a chemically amplified resist.
Since development will be done using, once again, ACS 200, PEB can be included in the
recipe of the tool. Alternatively, if manual development is preferred, the bake is done on
hot plates. In case of 4.2 yum of PR the parameters are the following: 90 s at 110°C [64].
The results of this photolithographic process are schematically shown in fig. 2.25:
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(a) PR coating. (b) PR exposure.

(¢) PR development.

Figure 2.25: The three main stages of photolithography can be seen: (a) coating, (b)

exposure, (c¢) development.

Descum

Before performing etching, to obtain optimal results, it is recommended to perform descum
with Oy plasma, to remove any residue of PR that may be present in trenches and holes.
This has to be done even if visual inspection does not reveal any issue, in fact usually this
residuals may not be visible with an optic microscope. If they’re not removed, etching
uniformity can be significantly affected by them. Descum will be performed by GiGAbatch
(PVA TePla, Germany) an O plasma asher able to work both at high power (600 W)
and low power (200 W), respectively for PR stripping and descum [79].

02 plasma
~—

Figure 2.26: Wafer cross section before and after Oy descum [79].
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2.2.5. Aluminum Etching

Having imprinted the designed pattern on the PR, it is now necessary to transfer it onto
the metal layer underneath. To do so, an etching step has to be performed. Once again,
before discussing the case of interest, it is worth giving a brief introduction to the main

etching techniques.

Wet and Dry Etching

First of all let’s give a definition of etching: a microfabrication process during which one
or more layers of materials are removed [80]. Etching techniques can be divided into two
macro-categories: wet etching and dry etching.

When performing wet etching the sample is simply submerged in a liquid etchant and
the dissolution of the layer of interest occurs due to chemical reaction with it. The main
advantages of this technique are its simplicity and the high selectivity with the etched
material, while the drawback is the isotropicity of the process. The typical under-etching

that occurs with this method can be observed in fig. 2.27.

TN

Figure 2.27: Due to isotropic behaviour of wet etching, the material is dissolved also

underneath the protective layer, this phenomenon is called under-etching [77].

Dry etching instead use ions, gas or plasma to achieve the same result. Let’s consider

advantages and disadvantages of each one:

e ITon Beam Etching: In this case ions are accelerated toward the sample surface, the
impact force is high enough to physically etch the exposed materials. This technique
is also refereed to as sputtering and can etch any material anisotropically. The main
problems are related to the poor selectivity of the process and to redeposition, as it

will be discussed in details in section 2.2.8.

e Gas etching: Similarly to wet etching, this technique is based on a reactive etchant,
that in this case is a gas. Being strictly based on reactivity of the substrate with

the introduced gas is highly selective, but once again is isotropic.
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e Plasma Etching: In this case a reactive plasma is used as etchant, exploiting both
physical and chemical etching. It’s also referred to as Reactive Ion Etching (RIE)
and it offers both high selectivity on materials and good anisotropic behaviour. The

main downside lies in the complexity of the equipment needed to perform it [80].

Al Etching

The process in exam require the etching of a considerably thick layer of Al, 4 um, so to
perform it plasma etching has been chosen. In particular PlasmaPro100 Cobra (Ozford
Instruments, United Kingdom) has been selected as an etching tool, since its primary
target are Al and T’ alloys, whose removal can be achieved through chlorine based recipes.
Another important advantage of this machine is its double End-Point-Detection (EPD)
system. In fact it is equipped with both a laser interferometry /reflectometry EPD and a
Optical Emission Spectroscopy (OES) one.

Let’s briefly discuss about their functioning and advantages:

e Optical Emission Spectroscopy Technique that exploits characteristic optical
emission that occurs during chemical reactions between etchant and target. In most
cases one can exploit it simply considering the overall intensity of light present in the
processing chamber. In fact, during etching, the light intensity level generated by the
chemical reaction will sum up with the one of the plasma itself; so, when this level
drops back to the base plasma one, the target material has been competently etched.
Moreover, if one knows the characteristic wavelength of emission of the reaction,
discretizing the plasma spectrum can give precise informations about byproducts

presence over time.

e Laser Interferometry/Reflectometry OES gives global informations about the
ongoing process; if one instead would like to know the etching state in a specific point
of the sample, laser based EPD can be used. In it a laser beam incides orthogonally
to the sample surface and is reflected back to the system; it can be based both
on interferometry and on reflectometry. The first technique is used for transparent
layers, since it exploits the fact that the beam is partially reflected by the top
surface and partially by the interface with the layer underneath. Both reflected
beams superimpose on the detector, their constructive or destructive interference
generate a sinusoidal signal. The period of the sinusoid indicates also the etch
rate, the shorter the period, the higher is the rate. If instead the material is not
transparent to the laser a flat signal, given by a single reflection, will be present. In
both cases the end of the etching can be detected due to the sudden variation in the

signal, i.e. a change of reflection intensity, a flattening of the sinusoid or a change
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in its periodicity [81].
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Figure 2.28: Optical Emission Spectrum of an O, cleaning recipe performed on APS
(STPS Technologies, United Kingdom). At about 60 s a drop in light intensity is detected,
the the system declares end-point at 112 s [81].

'EPD

Figure 2.29: Scheme of typical laser EPD plots. Sinusoidal behaviour in case of transpar-

ent layers (on the top), flat lines for non transparent ones (on the bottom).

These tools allow the user to check in real time the complete etching of the material of
interest, in fact simply computing the time of processing considering the nominal etching
rate is often unreliable. This occurs due to many factors: the real thickness of the layer
to be etched may not be exactly the nominal one, oxides may be present on the surface,
slowing down the process in the initial stages, finally the width and depth of the trenches
to be etched strongly affects the actual etching rate.

Let’s consider the case of interest: we would like to etch 4 um of Al and 10 nm of T, the
recipe selected on Plasma Cobra 100 is Al_etch _w_ breakthrough. This is a Cly based
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process, with an initial breakthrough performed with BC'l3 to remove Al oxides that may
be present on the wafer surface. According to the data in table 2.3 an etch rate of 510 -
is expected; no data for T are present but since the layer is very thin, we expect it to be
etched in a few seconds, let’s consider an over etch of 30 s to stay safe. Computing the
expected time:

4000 .

teten = —— 60 5s+305s=501 s=8 min—+21s

510
Out of three processed wafers, still considering 30s of over etch, the times obtained were
between 8min + 16s and 10min + 5s. Since the wafers have not been processed at the
same time such differences may be related to: slightly different initial thicknesses, oxides

accumulation over time of the last wafers processed and recalibration of the tool.

Etchi t
Target Materials Recipe Mask ¢ lili ranes Chemicals
[min
510(Al
- (4D BCl3(BT)
Al, Ti, TiN Al etch_w_breakthrough | PR 250(Al) )
) Cla(main)
50(5@02)

Table 2.3: Etching rates on Plasma Cobra 100 for the recipe of interest:
Al _etch _w_ breakthrough [82]

At the end of the process one can expect the cross section of the wafer to be as in fig. 2.30.

.
SO,

Si == PR

I N

Figure 2.30: Wafer cross section after Al etching has been performed.

A final important consideration is that, since Al is etched by chlorine chemistry, trapped
Cl, at the sidewalls of the pattern pose a serious corrosion problem for Al. In fact, as soon
as it gets in contact with the water present in the atmosphere HCI starts to form. To
avoid this issue, as soon as the sample has been processed it should be dipped in an high
volume of DI water. This forces the production of HC', that will be diluted and rinsed



2| Electrodes Microfabrication 39

right away, preventing Al damaging. A good practice is also to remove the PR right after

wafer rinsing, so that any traces of HC1 that may still be present are eliminated [82].

2.2.6. Photoresist Strip

Stripping is the term that defines all the methods designed to remove photoresist from a
sample, this can be done both for rework, due to unsatisfactory photolithography results,

or at the end of an etching process. In this second case a standard procedure is suggested:
1. 5 min of Oy plasma at high power by GIGAbatch (PVA TePla, Germany);
2. Wet etching by SV(C-14, to be performed on UFT wet bench;
3. If necessary, other 5 min of Oy plasma at high power [79].

The first step is required since after harsh processes, as dry etching, the top region of the

PR can be burned and hardened, becoming resistant to dissolution in chemical strippers.

02 ===p [PlaSHA
Hzo\ / CO:2
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Figure 2.31: Functioning principle of O, plasma ashers for organic materials removal.
From [75].

Once the hardened layer is removed, chemical etch can be performed, let’s now discuss
about the procedure that has to be followed for this step. The process is performed in
UF'T Resist wet bench, in which SV -1/, a polar solvent for photoresists based on DMSO
(CoHgOS) [79, 83]. The sample is submerged in a sequence of baths aimed to the removal
of the PR and the rinsing of the wafer to eliminate traces of solvent on it. In particular,

as shown in fig. 2.32 the following procedure has to be followed:
1. Sample immersion for 5 min in SVC-14 at 70°C in the first bath (3 in fig. 2.32);

2. Second immersion for other 5 min in SVC-14 at 70°C. The second tank (4 in
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fig. 2.32) typically has a lower concentration of PR dissolved in the bath, so it is
used for fine stripping;

3. Quick Dump Rinser (QDR) bath in DI water, to remove most of the residual of PR

and solvent;
4. Cascade bath in DI water, this allows fine rinsing of the sample;

5. Finally the wafer is moved is dried in Spin Rinse and Dry (SRD) unit [84].

voN Y

Figure 2.32: Flowchart of UF'T Resist wet bench, representing the all the steps of chemical

t

PR strip, in the order on which they have to be performed [84].

Eventually, if residuals of PR are still present on the wafer surface, additional Oy plasma
etching can be performed, typically for other 2 —5 min [79]. An alternative to this proce-
dure is to perform a purely plasma based etching, skipping entirely the use of chemicals.
This can be a faster way of stripping PR, but it’s also a more aggressive procedure, in
fact prolonged exposure to O, plasma may oxidize some layers in the sample, so the use
is strongly dependent on the substrate materials. At the end of the process the resist is

completely removed and the patterned Al layer is left as top surface of our sample.

Figure 2.33: After PR stripping patterned Al is left as top layer of the wafer.
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2.2.7. Silicon Dioxide Deposition

As discussed previously Al layer has a purely structural purpose for the shanks of the
device, so it has to be insulated from the Pt layer that will be deposited afterwards. Si0O,
has been selected as insulating material due to it’s renewed bio-compatibility [20] and low
permittivity [85]. To deposit the oxide, Plasma Enhanced Chemical Vapor Deposition
(PECVD) has been chosen as technique, since it allows to have high deposition rates
while also ensuring a good thickness uniformity [66]. This process exploits two or more
precursor gases, that are ionized by a plasma, and react with each other to form a thin
film on the substrate. Plasma is generated by a Radio Frequency (RF) discharge between
two electrodes and it ensures that the reaction occurs at a much lower temperature than
a classic Chemical Vapor Deposition (CVD) [86]. The tool selected to perform deposition
is D250L PECVD (Corial, France), used for the deposition of Si based compounds, such
as oxides, carbides and nitrides [87]. Since a considerably thick layer (1 pm) of SiO; is
required and we do not require any specific parameter A SiO2_ Fast recipe was selected

between the ones available on the tool (consider table 2.4).

. . Temp. | Dep. Rate | Ref. Index | Unif. | Stress
Recipe Film
[°C] e at 677nm [%6] | [MPa]
A SiO2 Fast Si0, 320 405 1.47 0.5 -190
A SiO2 Fast LF _150W | SiO, 320 347.6 1.47 0.9 -346
A _SiO2 Fast LF _100W | SiO, 320 358.7 1.47 0.97 -338
A SiO2_ High Density Si0; 320 22.7 1.47 0.5 -318

Table 2.4: Recipes available on D250L PECVD for SiO, deposition [87].

Before processing the sample, it is highly suggested to perform chamber conditioning,
during which 200 nm of the same material that we desire to use are deposited on the
heated shuttle; this prevents contamination of the wafer with any other material that
may be present due to previous processes. Then the substrate is positioned on the condi-
tioned holder and deposition starts, given the etch rate in table 2.4 coating time is easily

computed:
; thickness 1000 . 2 min + 28
oy, = = min = 2 min s
dep dep.rate 405

The final expected result can be observed in fig. 2.34. After deposition, in-situ plasma
cleaning of the shuttle has to be done, i.e. the etching of the material that has been
deposited on it during processing. Then the process is automatically stopped by the tool,
thanks to an Optical Emission Spectrometer for EPD [86].
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Al
— SIO,

Si

Figure 2.34: Si04 layer uniformly cover Al shanks of the device.

2.2.8. Platinum Layer

Platinum deposition is one of the most crucial point of the electrodes fabrication, at least
for what concerns the front-side processing. In fact Pt will constitute all the electrical
components of the probes: the electrodes in contact with environment, the pads for
electrical testing and the tracks connecting the two. In addition to this, Pt is mostly
inert to chemical etching, so its patterning pose a challenge by itself. Thus in the next
paragraphs all the issues related to this material will be addressed, together with the

proposed solutions.

Platinum Deposition

Pt layer is deposited by Spider 600 (Pfeiffer Vacuum, Germany), in particular 10 nm of
T are used as adhesion layer, before depositing 200 nm of Pt. The tool has been chosen,
once again, due to it’s ability to deposit different materials in a single run, as discussed in
section 2.2.3. Due to the the limited thickness the process could be alternatively performed
by evaporation, e.g through LAB 600H (Bihler Leybold Optics, Germany), that is able
to deposit Pt layers up to 300 nm [72]. It should be noted though, that the deposition
rate that can be achieved is much lower: 24 ™% for LAB 600H [72] against the 306.8 2t

mwn

of Spider 600; so the second has been preferred.

Power Ar Dep. Rate | Ramp
[W] [sccm] | [nm/min] [s]
Pt | 3 | Pt | Pty |DCMaris| 1000 | 150 | 3068 | 5 |

Material | PM | Target | Recipe | Source

Table 2.5: Platinum process parameters on Spider 600 73]

Considering the parameters in table 2.5 and in table 2.1, one can compute the required

times of deposition of 77 and Pt, thanks to the same formulae seen in section 2.2.3. So
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we have:
tTi =10s

tpt =42 s

It should be noted that, since PM 4 is not used for Pt deposition, 7% could also be de-
posited using a DC source at high voltage 10001, this recipe has an higher deposition

rate [73], so the time required is slightly smaller: tr;(auernative) = 85-

— Al
— SIO,

Si e Pt

Figure 2.35: 200 nm of Pt are deposited on top of Si0,

Second Photolithography

Once the platinum has been deposited, photolithography is required to define its patter,
the process is similar to what described in section 2.2.4, but there are some key differ-
ences, especially in the exposure, since this new layer must be well aligned with the one
underneath. First of all PR coating is performed, the procedure is similar to what has
been described for Al. The chosen resist has been AZ 10XT-20 with a thickness of 4 um,
due to it’s compatibility with high topology [88], as in the case of interest. Coating can
be either performed in ACS 200 Gen3, (SUSS MicroTec SE, Germany), using a recipe
with dehydration and high topology settings [89], or manually using SM-200, (Sawatec

AG, Switzerland). In this second case, the steps to follow are:
1. Dehydration on hot plate at 135°C for 10 min [78];
2. Manual coating on SM200;

3. Softbake at 105°C for ¢t = 90 s + 20 - thickness ﬁ, so in our specific case
t=2min+50 s

The the sample has to be exposed, this will be once again performed on MLA 150 (Hei-
delberg Instruments, Germany). Since, as said previously, alignment has to be considered,

let’s briefly discuss it’s functioning.
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Ideally we would like to have the top layer to be perfectly aligned with the layer un-
derneath, to do so, the positioning of the wafer in the tool and the computation of its
rotation described in section 2.2.4 are not enough. In fact even a mismatch of few mRad
can be extremely detrimental at such small scale; then, a system to manually set the tool
to be aligned with the substrate is needed. In particular we would like to have features
on the sample surface, that can be easily identified and allow us to visually check mis-
match between two different layers, these are called: alignment marks. During the first
photolithographic process, together with our design, a first series of alignment marks is
exposed on the wafer; these features are positioned at known xy coordinates in the file
that is imported in the tool. Once the second PR has to be exposed, the alignment option
can be selected on the tool and coordinates of alignment marks of the first layer should
be imported. MLA will then show, thanks to an high resolution camera, the position
of those coordinates according to its internal settings, allowing the user to reset these
values according to the actual location of the features. Finally another set of marks will

be exposed, so that they should perfectly match the position of the one underneath.

Figure 2.36: Image from high resolution camera of MLA 150. The yellow square represent
the area inside which the tool is able to automatically detect the center of crosses and

squares |76].
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Figure 2.37: 20onl alignemnt marks. a) Alignment mark exposed during the first pho-
tolithography, b) Alignment mark exposed during the second photolithography, ¢) At the

end a superposition of the two will be obtained.
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With this technique it’s even possible to decide exactly which layer should be considered
as reference for the alignment, e.g. 20n1 indicates alignment of the 27¢ layer with the 1
one, Jonl the 3" with the 1%, 30n2 the 3"¢ with the 2"¢, and so on.

At the end of photolithographic process, Vernier scale can be used to quantify the offset
that is present between the two layers. As shown in fig. 2.38 they consist in two scales
with constant pitch, the first one is patterned on the first layer and has a pitch = X, while
the second is on the second layer and has pitch = X + Y. If the two layers are perfectly
aligned then so will be the central bars of two scales. More realistically some offset will
be present and one can quantify it by checking which n'* bars are actually aligned [60],
then offset can be computed:

of fset=n-Y

Typically the second scale has also a label with its Y value, as can be noticed in fig. 2.37,
ideally the offset value should be below the C'D of the used PR.

|'|'|'|'|'IIIIHI|||'|'|'|'|'|'| HIHI|||'|\'|'|'|'|'|'|'|'|'|'|

) Perfect alignment. (b) Presence of a 6 - Y offset.

Figure 2.38: Comparison between: (a) perfectly aligned Vernier scales and (b) misaligned

scales, it can be seen that an offset of 6 - Y is present. [60]

Once exposure has been completed and the alignment has been evaluated as acceptable,
PR development can be performed. This can be done both on ACS 200 or manually
submerging the sample in a solution of AZ 400K and DI water (1 : 3.5) [89].

Platinum Etching

As said at the beginning of this subsection, Pt is highly resistant to chemicals so wet
and plasma etching often are not a viable option. In fact the first one has to be ex-
cluded apriori, since in CMi it can only be performed by Diluted Aqua Regia solution, i.e.
HCIU(37%) : HNO3(70%) : HoO (3 :1:2). This process does not guarantee any reliable
etching rate, due to being d651gned as a stripping solution for the metal; in addition also
Al layer would be affected, severely damaging our feature [90].

For what concerns plasma etching Multiplex ICP, (Surface Technology Systems, United

Kingdom) provides a recipe for Pt etching based on Cly chemistry. however, this process
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has an extremely low etching rate of 35 > and it requires very thick PR layers, due
to the fact that the selectivity with respect to the mask is 1 : 8 [91]. Considering that
usually, as a safety rule, PR thickness should be twice the minimum computed one, this
would imply a thickness 16 times higher than the metal layer. Even if in our case Pt
layer is only of 200 nm, so these downside do not represent a significant limitation, the
use of such process has been excluded in favor of a purely physical etching, more versatile
in term of processable thicknesses.

Nexzus IBE350 (Veeco, USA) has been selected for this purpose, a broad-beam ion etcher
that exploits accelerated Ar ions to etch a wide variety of materials purely by sputtering.
The tool is able to operate in large range of voltages, from 50V up to 800V, so that both
low ion damage or quick etching can be performed. Chamber contamination is prevented
thanks to the high vacuum level in which the tool operates: 10~"mbar. In addition a
Secondary Tons Mass Spectroscopy (SIMS) system provides a precise and real time end
point detection capability [92]. This system exploits a different mechanism with respect
to the EPD methods seen in section 2.2.5, in fact it determines which species are present
in the chamber thanks to the mass-to-charge ratio of secondary ions. These charged
species are the one that are sputtered from the surface and they are named secondary
since they’re not present if no etching is occurring. A mass analyzer detects part of these
ions and isolates them according to their mass, so that real time curves for each etched
element can be present. As soon as the signal intensity of the etched species drops, the
one correspondent to the material underneath should increase, defining the end point of

the process [81].

Signal intensity
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Figure 2.39: Evolution of intensity signals in a SIMS system, depending on the material
that is currently etched. 1) Top layer (green) is being etched, so its signal is the most
intense, the other two (blue and gray) stay at baseline level. 2,3) Every time etched

material changes, previous signal drops, while a new suddenly increases. [76].

To obtain optimal results some precautions should be made to avoid Pt redeposition

during sputtering. In fact, if steep PR walls are present, a common problem is the
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formation of fences of the etched materials, due to it’s accumulation on these walls, as
depicted in fig. 2.40.

Ar milling

- #Stri d

Figure 2.40: Mechanism of formation of fences on the walls of the PR, due to redeposition
of the sputtered material in Nexus IBE350 |77].

To avoid this problem two techniques are used: first of all the ion beam on IBE350 does
not hit the sample surface orthogonally, but the wafer is actually tilted and it’s in rotation,
so that even if some redeposition occurs it can still be removed by the beam itself. The
suggested tilting angle on IBFE is —10°, but it can be increased up to —70° if necessary;
note that the angle is negative due to internal settings on the tool [92].

Tilting it’s helpful but usually is not enough, so reflow of the photoresist is strongly
suggested. This step consist in the heating of the PR above the softening point, typically
is performed at 125°C on a hot plate for about 2 min [93|, so that the polymer starts
to flow, smoothening its walls. It must be considered that to obtain optimal results the

width of PR features, should be at least three times larger than its height.

<3X
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Figure 2.41: Thermal reflow of PR. It can be seen that if the thickness is too small with
respect to the hight of the polymer an improper reflow will occur (on the top), while if
height > 3 - thickness a rounded shape is obtained [75].
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The now smooth and rounded walls of the PR will avoid Pt to redeposit on them and, at

the same time, will facilitate its removal in case some redeposition occurs.

iy
Figure 2.42: Rounded walls avoid Pt accumulation of Pt on PR walls, avoiding fences

formation [77].

Photoresist Stripping
After Pt has been completely etched resist can be stripped from the sample surface, this is
performed following the standard procedure seen in section 2.2.6, i.e. O plasma, chemical
etching based on DM SO and, if required, Oy plasma once again. At the end of the process
the expected results are as in fig. 2.43.

Al

w— SIO,

Si e Pt

Figure 2.43: Wafer cross section scheme after Pt has been etched and PR has been
stripped.

2.2.9. Front-side Insulation

The last step for what concerns the front-side fabrication is the deposition of the SiO,
insulation layer, together with the patterning of the electrodes and pads seen in sec-
tion 2.1.4.

Silicon Dioxide Deposition
The same procedure seen in section 2.2.7 is followed, so SiOs is deposited by PECVD,
performed in D250L PECVD (Corial, France). 1 um of material will be deposited that
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will uniformly cover the surface of the whole sample. Once again SiO, has been chosen

due being bio-compatibility and having a sufficiently low electrical permittivity.

Al
— SIO,

Si m Pt

Figure 2.44: Wafer cross section scheme after Si0Oy has been deposited on its front-side.

Third Photolithography

The wafer is coated with 4.2 um of AZ ECI 3027, following almost the exact same pro-
cedure seen in section 2.2.4. there are only two differences, the first one is that the use of
HMDS surface treatment should be preferred to dehydration, due to the SiOy substrate.
The second one is that alignment has to be performed in this case. In particular it has
been chosen to match SiOy pattern with the Al layer (3onl alignment). This choice is
due to the fact that the most critical point of this insulation layer is to perfectly cover
the structural aluminum shanks, in addition this avoid summation of offsets that may be

present.

Oxide Etching

To etch SiOy APS (STPS Technologies, United Kingdom) has been chosen, a plasma dry
etching tool based on fluorine chemistry, optimized for dielectric removal. In fact, these
materials tend to be difficult to etch by conventional RIE processes and require aggressive
chemicals to be properly attacked. The system is equipped with an OES based End-Point
detector, that allows to stop the process as soon as the dielectric material has been fully
etched [94]. On APS there are many recipes for SiO, removal, that differs mainly for
for the etching rate and for their selectivity with respect to the mask. For our process
S102_PR_3:1 has been selected, since it offers a good compromise between these two

parameters.
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Etch Rat
Recipe Target | Chemistry ¢ ée Selectivity
[nm/min)
tOx:2
Si02 PR_1:1 Si0y | CHEyHe | WetOx230 1.7:1
Si:95
WetOx:440
Si02 PR_2:1 Si0y | CuFs/He v 2.8:1
Si:50
WetOx:380
Si02_PR_3:1 SiOy | CyFs/Hy/He | < 4.2:1
Si:35
WetOx:320
Si02 PR_3:1 SOFT | SiO, CuFs/He GS' ;‘5 3.7:1
12
WetOx:235
Si02 PR_5:1 SiOy | CuFs/Ho/He | 6.5:1
Si:25
Si02_ PR soft Si0q CyFs/Hy/He | WetOx:170 >25:1

Table 2.6: Recipes available on SPTS APS for SiO; etching [94].

Alternative etching could also be performed by PlasmaPro100 Cobra (Ozford Instruments,
United Kingdom) with C'Fy based chemistry, but the process its slower and has a worse
selectivity with respect to the mask [82], so a thicker PR should be use, e.g. AZ 10XT-60
after an overnight hard-bake at 65°C [77].

PR Stripping

Due to the aggressive chemicals that are used for dielectrics etching, the resist surface
tends to be significantly damaged, a compilation of dry and wet process for its removal
are then especially important [94]. The process to follow is the standard one, described in
section 2.2.6, but in this case Oy plasma as a last step to completely remove of residuals
should be performed. The cleaning of the sample from PR defines the conclusion of the
front-side fabrication.

—A

— SIO,

Si Pt

Figure 2.45: Wafer cross section scheme after SiO, has been etched and PR has been

removed. The electrodes and pads now defined and exposed
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2.3. Back-side Fabrication

As seen in the previous section, fabrication of the front-side has some challenges on its own
that has to be taken into account. Despite that, the process follows a rather traditional
fabrication procedure on St substrate, this is important since we need our electrodes to be
CMOS compatible. Now instead, backside processing has to be performed, that comprises

the characteristic and innovative techniques used to produce the probes in exam.

2.3.1. Back-side Grinding

Back-side processing require in the following steps deep Si etching. To ease the process
and reduce the high aspect ratio, that could pose significant challenges in the the release

of the probes, the thickness of the whole wafer is reduced by mechanical grinding.

Front-side Protection

During grinding the wafer is subjected to a considerable amount of torsional stresses,
so typically UV sensitive tape is used. This is able to reduce its adhesive power after
exposure to UV light and it’s used to protect the opposite side of the sample to process,
i.e. the one clamped to the tool chuck.

Unfortunately the features on the front-side have a significantly high topology, so both the
processing and the UV tape removal at the end of it could damage them. Thus, additional
protection is require, this can be provided by coating it with a resist. The most used ones
are non-photosensitive resists such as MC PC 62E or high viscosity photoresists as AZ
10XT-60 [95]. In the case of interest, 10 um of MC PC 62E are used as protection layer,
the coating is manually performed on SM-200, (Sawatec AG, Switzerland), after treating
the wafer surface with HMDS for adhesion improvement. Finally softbake is performed
at 125°C for 10min (1 min/um) [95].

- Al

e SO, = PR

Si Pt

Figure 2.46: Protection coating on the wafer front-side, so to avoid features damaging.
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Grinding Service

In CMi grinding is a service that is provided by the staff and it’s performed on DAGS810
(Disco Corporation, Japan), an automatic surface grinder able to handle both wafer and
small chips. The tool is equipped with a rotating diamond wheel, designed to process S,
III/V semiconductors as GaN, GaAs and glasses, such as SiOs or Pyrex.

Samples are clumped to a rotating chuck by UV tape, while the spindle carrying the
rotating wheel move downwards to remove material from the workpiece surface. Water
is sprayed on the sample to cool it, remove dust particles and act as a lubricant. The
grinding speed can be up to 30£7, obtaining a surface with a roughness below 100nm
and a Total Thickness Variation (TTV) of maximum 1um [96].

Grinding Wheel &

(Cross section diagram)

Finished
thickness

‘ After thinning

Wafer
Q\) — Wafer
Grinding and

processing watar

(a) Grinding Mechanism. (b) Edge sharpening.

Figure 2.47: Grind mechanism can be seen. (a) The chuck is loaded with the sample and
it’s put in rotation, while a diamond wheel grind workpiece surface, (b) As wafer becomes

thinner its edges becomes sharper and more fragile [96].

During this process the thickness of the wafer in exam is thinned down to 230 um,
starting from a value of 380 um. Such value has been chosen since it offers a significant
improvement in the aspect ratio of the wafer, for subsequent S7 etching, without an
excessive risk of wafer breakage. In fact, the more a wafer is thinned, the more it’s
rounded edges will become sharp, this combined with water cooling can induce breaking
[96]. Finally a very thin wafer would be significantly fragile, this pose higher risk of critical

failure both during handling and future processing.
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Al wem Si (high stresses)
= SiO, PR

Si e Pt

Figure 2.48: After grinding the thickness of the wafer is reduced, a region of with high

internal stresses is present.

Backside Etching
During grinding the first layers of the sample are deeply affected, in particular three
damaged regions can be defined. At the very top one can notice a roughness that depends
on the wheel used, if no polishing is done afterwards a course surface is present. The
second region is the most critical one, it ranges from 2 pum up to 10 g m from the surface
and an high number of micro-cracks is present in it, these causes residual stresses in the
wafer. Finally a third region in which crystal dislocations are present is found deeper into
the sample, before retrieving the original crystalline structure [96].
To release internal stress due the second region presence, that could cause breakage of
the wafer in subsequent processing, a backside Si thinning etching should be performed.
This step is performed in Rapier (STPS Technologies, United Kingdom) a Deep Reactive
Ion Etching (DRIE) tool for Si etching. The principles behind DRIE processes will be
explained in section 2.3.5, while in this case a continuous isotropic etching process based
on SFg is used. About 10 pum of Si will be etched, reducing surface roughness and
releasing stresses [97].

teteh = 1 min + 40 s

Recipe Etch rate Remarks

Vertical: 6%

Lateral: 342

min

Si_Release Continuous Isotropic Etching

Table 2.7: Si thinning recipe used for stress release [97].
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Figure 2.49: After stress release, by Si etching, the wafer is thinned down of about 10um.

Front-side Protection Removal

At this point the protection layer is not required anymore, so it can be removed. Since the
resist did not endure any dry etching process, chemical removal by SVC-14 is sufficient to
completely strip the polymer. Regardless, Oy plasma in GiGAbatch can still be performed

if some residues are observed on the sample.

2.3.2. Hard Mask Deposition

One of the mandatory processes to release the produced electrodes is to perform deep Si
etching of 220 pum. To avoid the use of an extremely thick coating of photoresist, it has
been chosen to deposit a SiO, layer, on the wafer backside. This is called hard mask and
to apply it D250L PECYVD has been selected once again. In particular 1 um of oxide is
sufficient to guarantee protection throughout the whole etching procedure [97].

- A
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Si e Pt

Figure 2.50: 1 um of S104 has been deposited on wafer back-side as hard mask for DRIE

process.

2.3.3. Parylene Coating

Before proceeding with back-side processing the deposition of a sacrificial layer has to be
performed, this layer plays two fundamental roles. The first one is to protect the features

on the front-side during manufacturing, the second is to keep the probes fixed to the
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St wafer, before the final steps of probe release. Parylene C has been selected for this
purpure, since it’s a polymer resistant to acids, bases and solvents [98], while also having
an high melting point of about 290°C [99]|. This offers a significant advantage with respect
with other protective layers, such as MC PC 62F seen in previous sections. In addition,
Parylene C can be easily removed by Oy plasma etching, thus being a perfect candidate

as sacrificial layer [98].

Silanization

One of the main downsides of parylene is its poor adhesion to S7 and Si0,, in particular
this has been a recurring problem in previous version of the process in exam, in fact
due to the multiple fabrication techniques that the wafer has to go through, parylene
detachment has been observed. In particular, having a non homogeneous layer, on the
side of the wafer that has to be clutched on etching tool holders, is detrimental. Most
of these machine exploit He flow on their chunk to dissipate the heat produced during
etching processes [82, 94, 97]. To ensure correct cooling these tools are also equipped with
systems to detect He leakage [94]; the more uneven is the substrate surface in contact
with the holder, the higher the leak will be. If the outflow detected goes beyond a certain
threshold the system will automatically abort the process, to avoid damaging the sample
and the tool itself.

So to prevent parylene detachment, together with its consequences, before coating silaniza-
tion is performed to improve the adhesion between the substrate and the polymer.

A174 adhesion promoter used, according to the following procedure:

1. A solution of IsoPropyl Alcohol (IPA), DI water and silane-A174 is prepared, with

a volume ratio of 150 : 10 : 1;
2. Solution mixing is performed by mixing every minute for 10 min in total;
3. Sample is submerged into the solution, gently stirring it for 5 min;
4. Wafer rinsing with IPA;
5. Sample has to be baked at 100°C for 10 min [100].

At the end of the silanization process, coating should be performed as soon as possible

due to the instability of silane layer in atmosphere [101].
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a) Adsorb water in air b) 2.A-174 bonding ¢) Parylene-C bonding d) Final Structure

Figure 2.51: Silanization process and effects are illustrated. a) The hydrophilic substrate
absorb water molecules from the atmosphere, b) OH gropus on the surface bond with
A-17/ heads, ¢) A-17/ tails instead easily bond with Parylene-C, d) the end result is a
good adhesion of parylene with the Si substrate. Taken from [102].

Parylene coating service

Parylene-C deposition is a service in CMi performed by C-30-S (Comelec SA, Switzer-
land). In the tool, under a vacuum of 107 mbar, a solid dimer is heated and vaporized at
150°C. The dimer molecules diffuse into a pyrolysis chamber, kept at 670°C, where they
dissociate into monomers, which in turn diffuse into the polymerization chamber. This is
kept in a temperature range between 25°C and 80°C, forcing monomer condensation and
polymerization on the sample. The final thickness obtained depends on the load placed

in the vaporization chamber, while the uniformity achieved is very high, with variations
< 1% [98].

Figure 2.52: Parylene-C deposition procedure is illustrated. [98].

To avoid the usage of UV-tape, that could damage the feature present on the wafer, 5um

of Parylene-C are deposited on both sides of the sample.
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Parylene etching

Since back-side processing still has to be performed, the polymer layer, now present on
it, has to be removed. To do so an Oy plasma etching recipe, on PlasmaPro100 Cobra
(Ozford Instruments, United Kingdom), has been selected: STS Pyralin. This method
is highly directional and allows the complete removal of Parylene on the wafer back-side,
without affecting the one on the front-side [82]. Alternatively APS (STPS Technologies,
United Kingdom) could be used, since it can also perform O, plasma etching [94]. At the
end of the full process the obrained result is depicted in fig. 2.53.
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Figure 2.53: After deposition and etching of Parylen-C| the polymer is present only on

the front-side of the sample, protecting the features on it.

2.3.4. Hard Mask Etching

As discussed in section 2.3.2, an hard mask has been deposited on sample backside, so to
avoid S7 wafer thinning during etching steps, without the need of PR. Nonetheless, the
regions of the wafer under which the electrodes are positioned have to be freed by it, so to
complete their fabrication. In particular a photolithographic step in which the front-side

features are aligned with the ones on the back, is necessary.

First Back-side Photolithography

1 um of AZ ECI 3007 is deposited by spin coating on ACS 200, HMDS surface treatment
should be performed beforehand, so to improve polymer adhesion to the substrate. To
expose the resist MLA 150 is used, but the key difference with respect to the cases seen
previously is the backside alignment procedure. In this case, in fact, two layers on different
sides of the sample will have to be aligned.

To do so, the wafer is positioned on the tool with its front-side positioned downwards,
while the back-side camera, present on MLA 150, allows to identify the alignment marks
already present on the surface. It is mandatory for the marks to be positioned in the blue

regions that one can observe in fig. 2.54a, these corresponds to the holes present on the
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tool holder, i.e. the only regions of the wafer visible form the back-side camera [76].

Other important considerations concern the fact that the wafer is flipped with respect
to before, so the design should me also mirrored with respect to the y axis. Moreover,
MLA coordinates system always refers to the upper surface, thus x value of imported

coordinates should be always opposite with respect to the one on the design [76].
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(a) Marks regions for backside alignment (b) Mirroring of coordinates

Figure 2.54: (a) Regions in which alignment marks can be position to perform backside

alignment. (b) Mirroring with respect to y of the design coordinates |76].

During exposure on MLA there is no way to directly verify the alignment between front-
side and back-side, but is possible to do so exploiting the fact that Si is transparent
to IR light. So one can observe, simultaneously, the features on the back-side, using
light in the visible range, and the ones on the metal layers of the front-side thanks to
IR light. In particular DM8000 (Leica Microsystems, Germany), equipped with glass
holder and IR back-side light, is used to perform such operation. Experimental results of
these observations will be discussed in section 3.1.7. It must be noted that is mandatory
to perform such operation once development has been completed, to avoid accidental
exposure of the resist, since the microscope required is not equipped with a filter for blue
light.

Hard Mask Etching

Since Si0; has to be etched, the same process seen in section 2.2.9, i.e. a C,Fy plasma
based dry etching. The process is performed in APS (STPS Technologies, United King-
dom ), using the recipe SiO2_ PR _ 3:1. The expected time of etching is:

tetch = 2 min + 38 s
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Photoresist Stripping

Previously the standard procedure illustrated in section 2.2.6, that combines wet and
dry etching techniques, has been always used to remove the polymeric layer after pho-
tolithography. Unfortunately, in this case, such method is detrimental for our sample. In
particular, the initial Oy plasma step, performed in GiGAbatch (PVA TePla, Germany),
will also damage the protective Parylene-C' layer, since the asher is designed to be effec-
tive on both sides of the samples. At the same time the usage of Oy plasma can not be
avoided either, since a wet chemical etch only, in SVC-14, is not sufficient to attack the
burned PR that has undergone dry etching.

For the reasons above, an entirely O, based stripping method has been proposed, by
the same recipes used to remove parylene layer, seen in section 2.3.3. Thus, either
STS Pyralin on PlasmaPro100 Cobra (Ozford Instruments, United Kingdom) [82], or
Pi_wvertical on APS (STPS Technologies, United Kingdom) can be used. These recipes
are very highly energetic, so they could oxidize or damage layers in the samples, that is
the reason why they are not typically used as a standard for PR removal. In our specific
case, no oxidation sensitive layers are exposed to O plasma, in fact on the backside only
St and Si0, are present, so this alternative process is compatible with them. The clear
advantage is the high directionality of such etching techniques and that the side locked

on the tool chuck is protected, leaving Parylene-C unaffected.

- Al
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Figure 2.55: Wafer cross section after Si0O etching on backside and PR stripping.

2.3.5. Silicon Etching

One of the last steps before the probes release procedure is the backside etching of Si.
This process is divided into two phases: the first is the definition of a step, that will
determine the final thickness of the S7 under the Al shanks, together with the one of the
central chip. The second, instead, consists in a deep silicon etching, up until parylene

layer on the front-side is landed.
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Second Back-side Photolithography

First of all a new photolithographic process has to be performed, in particular 2 ym of AZ
10XT-20 are coated in ACS 200 after HMDS treatment is carried out. Also development
can be done in the same automatic tool. The exposure, instead, is the most critical part,
since in this case perfect alignment between Al shanks and the Si features is crucial. For
this reasons two equally viable options could be followed.

Performing a backside alignment, with the same method used in section 2.3.4, so to
directly align the exposed pattern with the Al layer. This method can guarantee a good
alignment, but due to the poor resolution of the camera used to perform it, it could
require multiple iterations before obtaining adequate results. Alternatively, if the SiO,
hard mask alignment assessment has already demonstrated a satisfying match between
front-side features and the mask itself, then traditional alignment can be performed. In
this second case the marks present on Si0, mask layer will be used as reference.
Independently on the chosen method, it is mandatory to visually check alignment of the

shanks with the patterns, by IR light microscopy, before proceeding any further.

— Al == PR

wmm SiO, = Parylene

Si s Pt

Figure 2.56: After the first AZ 10XT-20 exposure and development, the features under
the Al shanks and the central chip are protected by it.

Silicon Step Definition

Once photolithography has been completed, the first Si etching can be performed. By
previous Finite Element Analysis (FEA) and experimental results [58], it has been cal-
culated that 30pum of S7 guarantee enough stiffness to the shanks, so that no bending
occurs during implantation, without preventing the shanks themselves to fold, due to
their hindrance. For this reason, 30um have to be etched from the wafer backside, to
define the step previously discussed. To perform such a deep etching in an anisotropic
way, in fact steep vertical walls are desired, Deep Reactive Ion Etching (DRIE) technique,
called Bosch process, has been selected; let’s now discuss about the principle of function-

ing of such method.
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It is based on working cycles, each one comprise three phases: deposition of passivation

layer, anisotropic etching of the passivation layer and isotropic etching of Si.
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Figure 2.57: A Bosch process loop is depicted in figure, the three phases of passivation,
anisotropic etching and isotropic etching can bee seen, together with the chemicals used

for each one of them, Taken from [103].

Deposition of the passivation layer is typically based on CyFg molecules, these are cyclic
organofluorine compounds that undergo plasma induced ring-opening. This results in
CF, radicals formation, active on both ends of the chain, so a polymerization reaction is
induced, forming a thin film that covers the surface of the sample. After deposition, SFg
gas is introduced into the chamber, this is decomposed by plasma in SFx ions and free
radicals F'. The first ones are accelerated by biasing, physically etching the passivation
layer on the bottom of the trenches, exposing Si. without affecting the protective layer
on trench sidewalls. In the last step fluorine atoms, isotropically etch Si, according to the
reaction [104]:
Sigs) + 4F{g) = SiFy)

Each step lasts only few seconds, in particular for the recipe used for the process in exam,
DRIE on Rapier (STPS Technologies, United Kingdom), the following times have to be
considered: tpass. = 1.5 'S, tanisetch. = 1 S, tisot.eten = 3 s [97].

The etching rates, instead, are strongly dependent on the width of the trenches to process.

For the selected recipe, it is stated that for tranches with a width < 2 pum about 300 %

are expected to be etched, While if the trench is larger than 200 um, than even values

higher than 80 Toop CAIL be obtained [97]|. In addition these values can not be assumed

constant, but also depends on the depth that is reached, in fact the deeper the aspect
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ratio, the more difficult it will be for the gas molecules to reach the bottom of the trench,
resulting in lower etching rates. To be able to asses the actual values, a common method
is to perform etching for a small number of loops and measure the step that has been
removed. This technique allows only to evaluate the initial etching speed, but it does not
take into account its reduction as the process goes on. If one would like to obtain a final
trench depth as precise as possible, iteration of the measurement can be perform, so to
correct the number of loops based on the evolution of the etching rate. In the case in
exam the final thickness of S7 has simply structural purposes, so no such fine tuning is
required. The etching rate is been evaluated based on the minimum trench width present
in our features, obtaining ~ 720 %. So the total number of loops required to remove

30um of Si is:
thickness 30000 N

= ~ 42
etch/loop 720

Njoops =

A final consideration to do is that, as discussed in section 2.2.3, descum should always be
performed before any etching procedure. Up until now this step has always been performed
in Gigabatch Oy plasma asher, but this could damage Parylene-C' layer. Thankfully, O,
plasma is also implemented on Rapier, for this specific purpose, so DRIE w_descum
recipe has been selected; in which 10 s of Oy plasma are conducted, etching about 100 nm

of PR, before initiating Si etch [97].

Photoresist stripping
Due to the same considerations seen in section 2.3.4, PR stripping is performed in APS
plasma etcher, so to avoid detachment of parylene layer. Once the resist has been removed

the wafer profile expected is depicted in fig. 2.58
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Figure 2.58: After the first DRIE Si etching is performed a 30um step is present on the

walfer backside.

Second Silicon Etching

Once the PR has been completely removed, Si etching can be performed once again.
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Also in this case DRIE on Rapier (STPS Technologies, United Kingdom) is the selected
process, with the only difference that no preliminary descum is required. The aim is to
thinned down exposed silicon until parylene layer is reached, so that only the thicker
regions, protected by the PR in the previous step, are left. In other words, at the end of
such etching only 30 um of S7 will be present, according to the pattern impressed during
the first etching step. Considering a residual thickness of 190 um, keeping an etching rate
of about 720 %, one would expect to land parylene after 264 loops.

This value, though, should be considered only as indicative, in fact two problems must
be taken into account. Firs of all, for such deep trenches, the etching rate can not be
assumed constant, secondly the actual value of the residual thickness may differ from the
stated one. In addition to the uncertainties of previous manufacturing steps, e.g. grinding
[96], the initial thickness of the chosen wafer itself has a standard deviation of 10 um
[65]. Since a 30 pum step has to be maintained, excessive over-etch must also be avoided;
it would damage the final features we aim to obtain. The safest way to deal with all
these limitations is to use an iterative method, in which a safe value of loop is initially
selected, while the final parylene landing is reached by removing a small amount of S7 at
a time, visually checking for the exposure of the polymer. Ideally OES system equipped
on Rapier could provide informations about the reduction in the amount of Si etched.
Unfortunately, the process has to be stopped before the material is fully removed from
the sample, so the signal intensity drop, although theoretically present, might be difficult
to identify properly; for this reason iteration should still be the preferred methodology.
At the end of the etching the probes are suspended in Parylene-C, as can be observed in
fig. 2.59.
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Figure 2.59: After full etching of Si only 30um of it are present in the pattern regions,

the electrodes are almost ready for release.
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2.3.6. Backside Insulation

The very last step before probe release is to apply and insulation layer on the probes
backside. In previous version of the process the parylene has been selected as a material,
due to it’s renewed bio-compatibly |7]. Despite that, the poor adhesion of the polymer
to the S7 substrate, combined with the nonhomogeneous Oy plasma etching, that was
causing the electrodes to flip over during release, damaging the backside insulation, have
brought to the decision of a changing the material used for it. In particular, SiOs has
been chosen, being the same material exploited for the insulation of the front-side, as seen
in section 2.2.9. Apart from it’s bio-compatibility, another important advantage of it, is
that it can be processed in the same tool in which Parylene-C removal can be performed.
This, as it will be discussed in the next section, allows to release the probes without
handling the sample, avoiding risk of breakage.

To perform deposition of the oxide, PECVD in D250L PECVD (Corial, France) is not a
valid option in this case, since the substrate holder is fixed at 320°C [86], that is above
the melting temperature of parylene [99]. So SiO; is deposited by sputtering at room
temperature in Spider 600 (Pfeiffer Vacuum, Germany), following the recipe in table 2.8.

Power Ar Dep. Rate | Ramp
[W] [sccm] | [nm/min] [s]

Si0, \ 1 \ Si0, \Sioz-#\ RF \ 1000 \ 15.0 \ 54.0 \ 30 \

Material | PM | Target | Recipe | Source

Table 2.8: Si04 process parameters in Spider 600 [73].

500 nm of silicon dioxide will be deposited, so the time of deposition can be computed with
the formulations seen in section 2.2.3, taking into account the ramp, the total deposition
time is:

tsio, =9 min + 31 s
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Figure 2.60: After the deposition of 500 nm of SiOs, the electrodes fabrication is com-

pleted, release and bending can be finally performed.

2.4. Probes Release and Bending

Having shaped all the layers required for the functioning of the electrodes in exam, all
the samples have to be released from the wafer in which they are currently suspended in.
Once such step is completed, the shanks of each one of them, are folded, so that the final

probes can be obtained.

2.4.1. Carrier Wafer

Carrier Wafer Fabrication

Since probes release implies their detachment from the wafer they have been on up until
now, it is necessary that a wafer, with sockets to accommodate the released electrodes, is
produced. Starting from a Si/100mm/SSP/Test wafer [105], a photolithography is per-
formed, so that sockets corresponding to the position of each probe are patterned on the
Si surface. 2.6um of AZ ECI 8027, suggested for Bosch processes [77], are coated on ACS
200 after HMDS surface treatment. Exposure is performed by MLA 150, while develop-
ment can be done, once again, in ACS 200. Alternatively manual photolithography could
be performed, by SM-200 and wet benches.
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Figure 2.61: Wafer carrier design, the black ellipses corresponds to the sockets that will

receive the released probes.

Once the resit has been pattern, DRIE is performed in Rapier, as for previous deep S7
etchings. Ideally, trenches about 45 pum deep would be enough to harbor the samples,
whose total thickness, given the parameter defined in previous sections, should be < 40 um
thick. Nevertheless, to allow for the possibility of having thicker Si structural features
and to facilitate probes transport in the carrier wafer, deeper trenches, of about 100 um
have been preferred. Considering an etching rate of 800 % [97] then, the total number
of lops required is:
Njoops = 125

Note that descum should be performed before etching, this can be done either in Gi-
GAbatch at low power or directly in Rapier, selecting a recipe that includes 10 s of O,
plasma. After the etching has been completed photoresist can be stripped by the standard
cleaning procedure, seen in section 2.2.6: combining high power O, plasma in GiGabatch
and chemical etching in SVC-14.

Si

Figure 2.62: Wafer carrier cross section after deep Si etch and PR strip.

Wafer and Wafer Carrier Alignment
The two wafers, the carrier and the one with the electrodes on, can be easily aligned one
on top of the other, by using the flat of the tow as reference for manual positioning. In

fact, to achieve our scope, a slight mismatch is still acceptable, thus no further alignment
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is required.
Despite this, it si imperative to keep the two wafers bind together during the subsequent
process. To do so, the carrier wafer is positioned on a hot plate at 135°C, than Quick
stick 135 [106], a wax used to temporary sticking wafers together, is applied on the four
cardinal points of the dummy wafer. Then the wafer to process is placed on top and is
aligned, as described. As soon as the two are removed from the hot plate, the wax will
rapidly cool down and solidify.
This method is advantageous, due to the fact that it’s easy to rework, if necessary, and to
unbind the two samples; in fact, it is sufficient to heat up the Quick stick once again to
make the wax flow. In addition, carrier wafer can be used multiple times, after cleaning
it with acetone, to remove wax residues.
At the end, each probe will be suspended above its respective socket, as depicted in:
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Figure 2.63: Once the wafer and the carrier have been properly aligned, each probe is

upended on top of its socket, so to fall in it once released.

2.4.2. Electrodes Release

To release the probes two steps are required: the complete removal of the protective
Parylene-C' layer and the etching of 500 pum of SiO,, this will also cause a thinning of
the oxide on the probes front-side. At the end of the two processes the samples will fall
on the carrier wafer sockets, and they will be fully encapsulated in 500 pm of SiO,.

Both etching processes can be performed on PlasmaPro100 Cobra (Ozford Instruments,
United Kingdom). Alternatively also APS (STPS Technologies, United Kingdom) would
be able to etch moth materials, but it should be discarded due to the absence of a laser

EPD system. This, in fact, not only allows to have a better control on the etching of the
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two materials in the region of interest, as discussed in section 2.2.5, but, thanks to its
integrated camera, offers also the possibility to visually check in real time the release of
the electrodes.

As seen in section 2.3.3, high power O, plasma is used to remove 5 um of parylene, through
a STS Pyralin recipe. Since the subsequent etching will be performed right after, in this
case, considering additional time of overetch it’s highly suggested, so to ensure complete
removal of the polymer across the whole wafer.

Then Si0, etching can be finally performed, the selected recipe is S102_ Si3N/_etch,
based on C'Fy chemistry, whose nominal etching rate for silicon dioxide is 175 7. To
avoid excessive thinning of Si05 on electrodes top side, overetch should be limited as much
as possible, so the process has to be stopped as soon as visual confirmation of probes fall

is made. Nevertheless, the expected time of etching can still be calculated:

tSiO2etch =2min+52s

- Al
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Figure 2.64: At the end of the fabrication electrodes are released from the wafer and fall

into the carrier.

At the end of the process, the two binded wafers can be removed from the tool, while

electrodes can be safely collected from their sockets.

2.4.3. Shanks Folding

As explained in section 2.1.3, the last step of the electrodes fabrication is the bending of
the two aluminum shanks, so that each probe is ready for implantation. To perform on
optimal bending, a 3D printed device is used, this comprise of two parts: a guide, in which
bending of the shanks can occur gradually and in parallel, and a lever, used to apply a
gentle pressure on the center of the probe, pushing it through the guide. Traditional 3D
printers typically do not reach the precision required to produce such small components,

so Photonic Professional GT+ (Nanoscribe, Germany), able to reach a resolution of few
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hundreds of pm [107].

The manual bending procedure is the following:
1. Probe placement on top of the guide, with the back-side facing upwards;

2. Initial bending of the probe, by pressure application on its center through the printed

lever. The guide ensures an initial bending of the shanks at 45°;

3. Further pressure application, causing the full bending of the shanks, at 90° with

respect to the center of the probes.

] —

(a) Guide fo Bending (b) Lever for Bending

Figure 2.65: (a) Guide to perform probes bending, in the upper part an angle of 45° is
forced, while on the bottom steep vertical walls are present. (b) Lever used to perform
the bending.

s SIO,

wes Pt

Figure 2.66: Cross section of the fabricated probes after bending (on the right). Top view
of the probe used as a reference, to define the line along which the sections are retrieved

(on the left). Note that the design is deformed for a better image legibility.
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3 ‘ Experimental Results and
Discussion

In the previous chapter, we fully discussed the design of the foldable electrodes in the
exam, along with all its variants and the purpose of each one. Then a full dissertation
about the processes required for the fabrication of the probes has been provided, including
the selected materials and the exploited tools.

It is now time to discuss the actual results obtained and all the techniques used to char-
acterize the electrodes at each step of their fabrication. All the experimental work that
has been performed during this thesis project can be divided into three macro topics:

electrode fabrication, electrical characterization, and electrochemical characterization.

3.1. Electrodes Fabrication

The fabrication of the foldable probes has been performed following the procedure dis-
cussed in chapter 2, nevertheless to obtain optimal result it is mandatory to inspect the
results obtained at each step of the process, so as to be constantly aware of the state
of the fabrication and to identify possible criticalities as soon as they occur. Depending
on the parameter that one desires to evaluate, many different techniques can be used,
such as visual inspection through optical or electron microscopy, profile measurement,
spectroscopy to identify materials, and many more. Through the following sections, all
fabrication will be followed step by step, assessing the results obtained at each step, and

discussing the techniques and tools used to perform the inspections.

3.1.1. Aluminum Deposition

As discussed in section 2.2.3 the first step of the process is the deposition of 4 pm of Al on
front-side of the selected wafer by sputtering on Spider 600 (Pfeiffer Vacuum, Germany).
Evaluation of the residual internal stresses after the deposition of such a thick layer has
been performed through FLX 2320-S (Toho Technology, USA), a dual wavelength stress
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measurement systems that use a laser to measure changes in the radius of curvature, pre

and post deposition; these are then correlated to their correspondent stress value [108].
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(a) Substrate Bow (b) FLX 2320-S Functioning Princi-
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Figure 3.1: (a) Substrate bow with respect to the reference plane considered by the
instrument (b) Laser angle detection system on FLX 2320-S, used to measure stresses

induced by Al layer deposition.

The system provides informations about the wafer bow, z;, with respect to a reference
plane. This allows to retrieve the curvature radius, R;, of the substrate, knowing the

wafer radius, y, thanks to the following formula [109]:

2
X
y+

R =

Once the radius of curvature before the film deposition, R; [m], and afterwards, Ry [m)],

have been evaluated, an equivalent radius can be computed:

RiRy

R= 12
Ry — Ry

And finally the internal stress is evaluated as:

Eh?
(1—-v)6Rt

o =

in which: E [Pa]: elastic modulus of the material, v: Poisson’s ratio, h [m]: substrate
thickness and ¢ [m]: film thickness. Five wafers have been coated with Al and two
measurements have been performed for each one of them, along the z and y axis of the

substrate, so to obtain a more accurate measurement of the overall curvature. Having



3| Experimental Results and Discussion 73

considered an elastic modulus of £ = 188G Pa and a Poisson ratio of 0.3 [109]|, the
following results have been obtained: final average bow x,, = 61um, with a Relative
Standard Deviation (RSD) of 17.5%, and an average stress 0 = —77.6 M Pa with an RSD
of 18.3%. It should be noted that a negative value denotes a tensile stress, typical of
metallic layer [110]. The relative high standard deviation is related to multiple reasons:
initial thickness of the substrates is not always the nominal one of 380 pm, that has been
used for the computation, the same is true for the initial bow of the bare substrate. In
addition the value of stress computed may differ, since the thickness of the deposited layer
may differ from the expected 4pum.

Regardless, it is worth to perform this evaluation, since it reveals a relatively high bow
of the wafer after Al deposition. Although this did not cause any major issue in the
fabrication itself, due to the fact that the automatic wafer detection system installed
on ACS 200 Gen3, (SUSS MicroTec SE, Germany) was not always able to verify the
presence of the sample during photolithography, causing process abortion. In order to
avoid such occurrence first photolithography has always been performed manually on
SM-200, (Sawatec AG, Switzerland). After Al etching and consequent stress release,
the bow has been sufficiently reduced that no further limitation on usage of automatic

photolithographic systems has been found.

3.1.2. Photolithography Inspection

The wafer have been manually coated with 4 um of AZ ECI 3027, that have then been
exposed in MLA 150 (Heidelberg Instruments, Germany) with dose and de-focus values
according to the updated table present on the tool. Manual development has been per-
formed, after PEB at 100°C for 90 s, by submerging the sample in AZ 716 MIF for 2min;
then the wafer is rinsed in DI water. Two cycles of immersion and rinsing have been
performed to guarantee optimal results.

Before proceeding further, after each photolithography, visual inspection on the obtain
results it is of great importance. In fact, if inadequate outcomes are assessed, the poly-
mer can be stripped from the surfaced and the whole photolithographic process can be
performed from the start, without any damage to the substrate. Such visual inspection
has been performed by DM8000 (Leica Microsystems, Germany), the standard optic in-
spection microscope used in CMi [111].

Apart from a good fidelity with the design, one should seek for the absence of two major
issues: underexposure and photoresist residues, both shown in fig. 3.2. The first one oc-
curs when the dose and defocus selected in the exposure step are not sufficient to properly

irradiate the PR; in this case regions of polymer are not developed properly. In particular,



74 3| Experimental Results and Discussion

as for the case illustrated in fig. 3.2a, operating very close to the dose threshold of the
PR, results in very regular and sharp undeveloped lines, due to the small fluctuations
of the laser intensity that occur during exposure. When this problem occurs usually it
affects most of the sample surface, so it is advise to repeat the entire process with a higher
dose. The other issue that may be present is the presence of residues of undeveloped PR,
these can occur systematically due to inadequate development or can be occasional, in
the latter case, if just a few number of samples are affected on a wafer, one may decide to
proceed despite their presence. Moreover, if they are small enough, they can be removed
by performing another development cycle or by O, plasma descum. Finally it may occur
that, during development, that some of the pattern features are damaged; this is most
likely another occasional phenomena that could be ignored if most of the samples are un-
affected. In case it extensively covers the wafer surface, this usually implies overexposure

of the resit, that has cause a poor fidelity of the features with respect to the design.

(a) Photoresist Underexposure (b) Damaged Feature and Resist Residuals

Figure 3.2: (a) Regular undeveloped PR lines, due to underexposure of the resit. (b) In
this case two issue are shown: the damaging of the feature, it can be seen that a portion

of the shank is missing, and the presence of residuals of PR (black line).

3.1.3. Aluminum Shanks Inspection

Having assessed the correct reproduction of the exposed designs on the resit, Al etch-
ing has been performed on PlasmaPro100 Cobra (Ozford Instruments, United Kingdom),
by plasma dry etching based on Cl, chemistry; details on the process are found in sec-
tion 2.2.5.

Once the etching has been completed and the resit has been removed, the three main char-
acterizations of the results that can be performed are: visual inspection, spectroscopy and

thickness measurements.
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Visual Inspection
To assess correct design reproduction on the Al layer, first of all, the shanks were inspected
on DM 8000 optic microscope. This quick inspection already confirms sharp contours of

the features and in general a proper transposition of the pattern, as depicted in fig. 3.3.

Figure 3.3: Aluminum shank obtained after etching and PR stripping.

For a better characterization of the microstructure obtained through the sputtering tech-
nique used, it has been decided to inspect the samples also by scanning electron mi-
croscopy. The tool used was MERLIN (Zeiss, Germany), a Field Emission Scanning
Electron Microscope (FE-SEM), a high-resolution imaging and analytics system [112],
based on Gemini 2 (Zeiss, Germany) column and equipped with three different detec-
tors, each optimized for a different task. Gemini 2 column is the chamber where electrons
are emitted by a heated filament, then are accelerated, bundled, focused, and deflected,
so that a focused beam of electrons is produced [113]. In SEM imaging, two types of scat-
tered electrons are mainly used: Secondary Electrons (SEs) and Back Scattered Electrons
(BSEs). The first ones are generated by inelastic electron-electron interactions, which
typically occur in the first layers of the material. BSEs, on the other hand, are orig-
inated by elastic electron-nuclei scattering, and can provide informations about deeper
regions of the material analyzed. A schematic representation of their origin are provided
in fig. 3.4. The detectors present on Merlin SEM exploit information from these two

types of scattered electrons to reconstruct images of the sample surface. In particular:

e In-Lens Detector Exploits SEs for high-resolution surface imaging. Strong tilting

of the sample should be avoided to achieve optimal resolution.

e HE-SE2 detector Sensitive to both SEs and BSEs. It is used to produce the
so-called pseudo-backscattered image, which enhances the topography of the image.

The main downside is that edge contrast is lower, canceling out surface features.

e EsB detector An energy-selective backscattered detector, used to enhance contrast

between materials present on the surface. Also, in this case, strong sample tilting

should be avoided [113].
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Secondary Electrons (SE) Backscattered Electrons (BSE)

° OSE
~ ° OBSE

a) b)

Figure 3.4: a) SEs generated by elastic interaction with electrons of the analyzed material.
b) Primary electrons elastically scattered by material nuclei produce BSEs. Taken from
[114].

HE-SE2 detector was used to characterize the surface topology of the Al shanks. It can
be observed in fig. 3.5 that the sputtering process used to deposit the metal, produce
a relatively rough surface, with a grain size that goes from hundred of nm to few um;
this is in accordance to what was expected from the deposition technique selected. SEM

imaging also confirms an adequate fidelity of the fabricated features with the design.

EHT = 200KV StageatT= 0.0°  SEM1 EPFL

|—| IProbe= 100pA  WD= 82mm Date: 26 Jun 2025 c M i(ememf
Signal A= HE-SE2  Mag= 5.38KX

2pm

File Narme = Daparmine_tip_v10_AID1 tif

Figure 3.5: SEM image of the Al shank tip, it can be noticed the rough topology of the
surface typical of Al sputtering.

Energy Dispersive Spectroscopy

To verify complete removal of Al in the etched regions, Energy Dispersive Spectroscopy
(EDS) has been used. This technique allows to identify materials present on a sample
surface by the characteristic X-ray emission wavelength that can occur due electron tran-

sition from an higher energy level to a lower one. Merlin SEM has been used to perform
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the measurement, since it is equipped with X-Max (Ozford Instruments, United King-
dom), a detector Silicon Drift Detector (SDD) with a resolution of 127¢V FWHM [115].
The functioning principle of this technique is that, when primary electrons interact with
the valence electrons of a material by inelastic scattering, thus producing SE, a vacancy is
generated. In case the scattered electron is not one of the highest energy ones, then such
vacancy will be filled by an electron with higher energy, while a photon will be emitted to
balance out the energy difference. Each element has one or more characteristic energies

of emission, so their measurement can be used to identify their presence.

Characteristic X-rays (EDS)

Figure 3.6: When a lower energy electrons is scattered, the vacancy is filled by an higher

energy ones, with consequent characteristic photon emission. Taken from [114].

In the case in exam EDS was used to verify absence of Al and presence of SiO; in the
regions where the metal has been etched, exposing the insulation layer underneath; i.e.
the black region in fig. 3.5. It can be seen in fig. 3.7 that presence of O and Si were

confirmed, as well as the absence of Al.
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Figure 3.7: Two different regions, in which SiOy; was expected, have been analyzed,
corresponding to Spectrum 1 and Spectrum 2. Both of them revealed presence of O and
St and the absence of an Al related signal. The unlabeled peak at very low energy is due

to background noise and it’s always present in the system used.
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Thickness Evaluation

Having confirmed composition and geometry of the produced features, an evaluation of
the actual deposited thickness has been performed by Dektak XT (Bruker Corporation,
USA), a mechanical profilometer. The tool is able to determine, electro-mechanically,
thin and thick step height by moving a diamond-tipped stylus over the sample surface
[116]. The maximum vertical range is of 1 mm, while having a step-height repeatability
of 5 A [117]. The step measured was 3.7 um, so difference of 7.5% is present with respect
to the expected nominal value of 4 pm, such value is adequate to the scope of the shanks.
In addition, rough surface of Al layer have observed, confirming the evaluations seen in
fig. 3.5.
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Figure 3.8: Profile of the Al step. The step is evaluated by computing the difference
between the average height of the region M and the one of region R. An indication on the

axis along which profile has been evaluated is also provided (on the bottom).

3.1.4. Platinum Tracks Inspection

The fabrication of the electrodes has continued as described in the section 2.2: 1 um of
Si0s has been deposited by PECVD in D250L PECVD (Corial, France) at a temperature
of 320°C for 2 min and 28 s. Having completely and uniformly isolated the shanks of
Al, 200 nm of Pt have been deposited by sputtering in Spider 600; with a processing
time of 10 s for the T adhesive layer and 42 s for Pt. Automatic coating on ACS 200
has been performed, no issue due to excessive wafer bending has been encountered. The
chosen resist is AZ 10XT-20, with a thickness of 4 um. After exposure on MLA 150 and
automatic development on ACS 200, reflow of the polymer has been performed. In fig. 3.9
the patterned resit before and after reflow can be observed, it should be noted that in
picture a variation of the design seen in section 2.1.4 is shown. In this design the edges

are rounded, so to facilitate optimal flow of PR during this step, anyhow, no reflow issues
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have been found, even in the standard design with sharp edges.

(a) AZ 10XT-20 Before Reflow (b) AZ 10XT-20 After Reflow

Figure 3.9: 4 um of AZ 10XT-20, exposed and developed. (a) Before reflow of the
polymer. (b) After reflow, a dark shadow due to the rounded edges of the resist can be

observed.

Having assessed a correct reflow and a proper alignment of the resit, Pt has been sputtered
in Nexus IBE350 (Veeco, USA), with the parameters defined in section 2.2.8, until EPD
has been reached. The resist has been stripped and visual inspection of the features
has been performed under optic microscope. Particular focus has been reserved to the
alignment of the Pt layer and to the fidelity of the trench with respect to its design. It
can be observed in fig. 3.10b that a trench width of about 11 pm has been obtained,
over an ideal value of 10 pum. Such difference is compatible with the critical dimension
of the photoresist used to perform the lithography, in fact AZ 10XT-20 has CD =1 um
[63, 88]. In addition it can also be seen that the layer is centered with respect to the shank
beneath it. Similar evaluations have been performed for the multiple working electrodes
designs, as in fig. 3.10c, for which trenches width of about 6.5 pum have been evaluated;
once again compatible with the technology used. Finally, electrical characterization of
the patterned Pt tracks has been performed at probe station, T.S150 (MPI Corporation,

Taiwan ), details about the topic will be discussed separately in section 3.2.1.
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(a) Three electrodes Platinum layer (optic microscope)

(b) Platinum layer trench, three electrodes de- (c¢) Platinum layer trench, multiple electrodes design

sign (optic microscope) (optic microscope)

Figure 3.10: (a) Image of the patterned platinum layer on the Al shanks of the three
electrodes design. (b) Detail of trench that separates Pt in three electrode design and (c)

in multi electrodes design.

3.1.5. Insulation Layer and Electrodes Geometry Inspection

Having assessed geometrical and electrical properties of Pt layer, front-side fabrication
has been completed, as described in section 2.2. 1 um of SiO, has been deposited, once
again, by D250L PECVD, following the same parameters stated in the previous section.
Then ACS 200 has been used to perform automatic coating and development of 4.2 um
AZ ECI 3027 The resit has been accurately inspected to assess its alignment with
underlying layers, then SiO; etching has been performed in APS (STPS Technologies,
United Kingdom). The parameters discussed in section 2.2.9 have been used, while the
process was stopped exploited the OES end point detector installed in the tool. After
patterning of SiO, layer and PR stripping, visual inspection under optic microscope of
the probes have been performed. Here an overview of these inspections is provided, for

each of the fabricated designs.

Standard Design
First of all, independently on the design, it has been confirmed that SiO, layer prop-

erly insulates the shanks, with special attention to their sidewalls. It can be observed
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in fig. 3.11c that the chosen tolerances were sufficient to encapsulate the probes in the
insulation layer. In fact, in correspondences of the electrodes tip, about 3 pum of oxides
exceed the shanks edges from one side (the top in figure), while the excess is of about
2 um for the other (bottom of the figure).

Then evaluation on the fidelity has been performed for each design, from fig. 3.11a one
can notice that the proposed structure visually match with the design proposed in sec-
tion 2.1.5. Moreover the sizes of the obtained electrodes are in agreement with the reso-
lution of the process used. In fig. 3.11b it can be observed that the WE obtained has a
length of about 51.5 um and a width of 41.5 um, so the final are obtained is about 7.5%
larger than the ideal one. This increment is acceptable for the scope of interest, nonethe-
less it has been observed that there is a systematic increment of the electrodes sizes in all
the observed design. So it can be assumed that, for a more precise reproduction of the

desired electrodes areas, a correction of —1 pm could be uniformly applied.

(a) Probe Standard Design (optic microscope)

(b) 2000um? Working Electrode (optic mi- () Probe tip, full insulation of the Al shank

croscope) can be observed (optic microscope)

Figure 3.11: (a) Image of the patterned SiO, layers that defines the standard design of the
electrode. 20'000 um? CE is present on left shank, while on the right there are 2000 pm?
RE and WE. (b) WE on the probe shaft, dimensions are indicated. (c) Probe tip, with

focus on shank encapsulation

Multiple Electrodes Design
Similar considerations can be made for the design with multiple working electrodes, it

should be noted, as it can be seen in fig. 3.12b, the increment in size of the WEs matches
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the one seen in the standard design. This confirms a systematic error related to the
fabrication process selected, but it also confirm an high repeatability of the electrodes

patterning.

(a) Probe Multiple Electrodes Design (optic microscope)

75 ym

(b) Probe Multiple Working Electrodes (optic micro-

scope)

Figure 3.12: (a) Image of the patterned SiO; layers that defines the multiple electrodes
design of the probe. Same sizes of WE, RE and CE of the standard design have been
used (b) Three WE of the probe with their dimensions.

Small Electrodes Design

For what concerns the possibility of fabricating smaller electrodes, no limitation has been
observed due to Si0, etching. Circular electrodes produced have a diameter of about
24 pm, as shown in fig. 3.13b. This result was expected, considering the both the CD
of the photoresit used [64] and the plasma based dry etching process selected to patter
the oxide [94]. The main limitation, as previously hinted, is related to the Pt layer. In
fact, to obtain small WE and RE, positioned as close as possible to the tip of the shanks,
it is necessary to reduce the trench width even further. Particular attention, then, will
have to be posed on the presence of shorts circuits between tracks, related to improper
Pt etching.
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(a) Probe Small Electrodes Design (optic microscope)

(b) Probe Small Reference and Working Electrodes

Figure 3.13: (a) Image of the patterned SiO, layers that defines the small electrodes
design of the probe. On the left shank the 4000 pum? CE can be observed, while on the
right one 400 um? WE and RE are present. (b) Detail of RE and WE shank, with their

diameter indicated.

Design for Functionalization

The last type of probes produced are the ones optimized for manual functionalization of
the working electrode. In this case the whole shanks surfaces are exploited as electrodes.
As anticipated in section 2.1.5 all the choices in the design were made with idea of making
functionalization feasible. First of all the WE is close to the tip and sufficiently distanced
from the reference one, so that drop casting a small drop of functionalization solution on
top of it, without affecting the other, becomes possible. In addition having a sufficiently
large area maximize the probability of functionalization, even by such a simple technique.
The size and position of RE was not modified, since moving it closer to the central chip
increase significantly the risk of accidentally covering its surface during insulation of the
pads, as it will be discussed in section 3.3.2. Finally the size of the counter electrode was
increased up to the largest possible for the probes in exam, this allows to keep a significant
difference between the CE area and the WE one, despite the enlargement of the latter.
It should be noted that one of the main characteristic to assess in the proposed design is
the alignment of the insulation layer with the one underneath. In fact, in this case, even
slight mismatches would expose Al layer together with Pt one, this should be avoided due
to the high reactivity of Al in physiological and saline environments. It can be observed

in fig. 3.14b that this requirement was met, since the exposed electrode (white) is fully
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contained in the Pt track (orange).

Overall, the design is of interest for another reason: it shows the high versatility of the
proposed fabrication process for the foldable probes. Especially considering that on the
single wafer, all the designs shown could be produced simultaneously. However, to ensure
a sufficient number of samples, it has been decided to fabricate up to 3 designs on each

processed wafer.

(b) Working Electrode for Functionalization (optic

microscope)

Figure 3.14: (a) Image of the patterned SiO; layers that defines the electrodes optimized
for functionalization. On the left shank the 110’000 um? CE is present, while on the right
one there are the 2000 um? RE and the 20'000 pum? WE. (b) WE on the shank tip.

3.1.6. Wafer Preparation to Backside Etching

Before being able to process the backside and to pattern the Si supports of the shanks
and the central chip, many intermediate steps are required, as described in section 2.3.
Here a brief summary of each one of them is provided, focusing on the parameters on

which the attention must be focused to obtain optimal results.

e Front-side Protection 10 pum of protective polymer have been coated on the
wafer front-side. Both AZ P/K-AP and MC PC 62E, after the first have been
discontinued, have been used to this scope. To coat the wafer SM-200, (Sawatec AG,
Switzerland) has been used. It is imperative to guarantee good adhesion between

the resist and the substrate, so HMDS pretreatment has been performed.
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e Backside Grinding The wafer has been grinded by DAG810 (Disco Corporation,
Japan ), reducing its thickness until a final value of 230 pm has been reached. Finally,
to reduce internal stresses accumulated due to the mechanical process, 10 um of Si
have been etched on Rapier (STPS Technologies, United Kingdom), according to

the recipe seen in section 2.3.1.

e Front-side Protection Removal Removal of protective resist has been performed
by wet chemistry in SVC-14. To remove any residue of it 30 s of O, plasma etch
at high power have been also performed in GIGAbatch (PVA TePla, Germany).

e Hard Mask Deposition 1 um of SiOy has been deposited on the wafer backside
by D250L PECVD (Corial, France).

e Parylene Coating To minimize risk of Parylene-C' detachment, silanization has
been performed, following the procedure described in section 2.3.3. Then 5 um
of the polymer have been deposited in C-30-S (Comelec SA, Switzerland). Visual
inspection has been performed to ensure that no parylene detachment was present
on the surface. Since in previous versions of the process flow this has been a major
issue in the reliability of the fabrication, such inspection has been performed for
each step until the final release. For simplicity it will not be reported in each one
of them and it is sufficient to confirm that no parylene detachment has occurred

during the subsequent processing, confirm the effectiveness of silanization.

e Parylene Removal Parylene-C' has been removed from the wafer backside, by
directional Oy plasma in PlasmaPro100 Cobra (Ozxford Instruments, United King-

dom ), until EPD was confirmed.

e Backside Photolithography 1 um of AZ ECI 3007 has been coated and devel-
oped automatically on ACS 200. Particular attention should be given to the fact
that backside alignment was required. However, since for the etching of the hard
mask, no perfect matching of the features is mandatory, the details about alignment

assessment will be explained in the next section.

e Hard Mask Etching SiO; has been etched by APS as for the previous oxide
etching of the front-side.

e PR Strip To avoid damaging parylene layer, directional O, plasma recipe in APS

has been used, assessing its removal by OES end point detector.
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3.1.7. Back-side Silicon Etching

Etching S7 on the backside is one of the most critical steps of the process in exam.
There are three main requirements to take into account: aligning front-side features and
backside ones during photolithography, defining a proper step hight, performing deep Si
until parylene layer is reached. Failing to perform accurately one of these steps could lead

to the final failure of the probes themselves, so great care is required.

Features Alignment

Photolithography has been performed in ACS 200, by which the wafer back-side has
been coated with 2 um of AZ 10XT-20. During exposure, backside alignment procedure,
described in section 2.3.4, has been followed, then visual inspection of the actual alignment
was done by DM8000 (Leica Microsystems, Germany), an optic microscope equipped with
IR lamp. The tool is able simultaneously operate in reflection mode, in the visible filed,
thanks to its front-side lamp, and in transmission mode, in the near infra-red one. The
wafer is placed on a borosilicate glass holder, with its front-side facing downwards. Near-
IR light shines the wafer from the bottom, and is transmitted through Si. If materials
that absorb wavelength in this range, such as metals, are present on the front-side, their
shadow will be visible. At the same time the back-side of the wafer is irradiated with light
in the visible range, so that also the features on this side can be observed. In particular
in our case, this technique was used to asses the alignment of the deposited PR with the

features already patterned on the front.
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Figure 3.15: Scheme of the setup used to perform simultaneous visible (reflection mode)

and IR (transmission mode) microscopy.

During sample inspection, there are two major parameters that can be regulated to high-

light one of the two layers with respect to the other. The first one is the focus of the
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microscope, in fact, the front sides are spaced by a few hundred of ym from each other, so
the features present on them can not be in focus at the same time. The other parameter
that can be modified is the relative intensities of visible and infrared lights.

So in general, when performing alignment assessment with this technique, one can keep
the intensities of the two light sources fixed, while the lenses height is varied, as can be
seen in fig. 3.16, in which the focus goes from the features on the wafer backside to the one
on the front. This method is suitable when it is possible to find a ratio between intensities,
that allows to obtained sharp images in both transmission and reflection mode. It has
been observed that, increasing the magnification, leads to a partial lost in the transmissive
IR signal, so higher intensity of it are required to be able to clearly distinguish features
on the wafer front-side. The drawback of such increment is that it saturates the signal
coming from reflected visible light, so the features on wafer backside are lost. Since in
this second case it is difficult to visualize simultaneously both features with an acceptable
accuracy, image superposition could be exploited, as shown in fig. 3.17. This is done
between an image in which features on the back-side are in focus and one in which the
other features are sharp.

One problem that one may have to consider is the calibration of the tool, in fact if it’s
not properly done, mechanically changes on the focus may result in lateral shift of the
image, that would be detrimental for our scope. In order to verify if relevant shifts are
present, one could use the microscope software to digitally apply rulers or reference lines

on the live image, then changing the focus will reveal offset presence.

a) 7 c)

Figure 3.16: Alignment evaluation of probe’s shank. Intensity ratio is kept fixed, while
the plane of focus is changed. a) Focus on the features on wafer backside. ¢) Focus on
the shank on the frontside. b) Superposition between a) and c), acceptable alignment is

observed.
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a) b)

Figure 3.17: Alignment evaluation of the probes tip. Due to the high magnification is
necessary to modify both focus and intensity, from a) optimize to view backside features

to ¢) optimized to view backside features. b) Is given by superimposing a) and c).

It can be observed in fig. 3.16 that the central chip is well aligned with respect to the
shank and, most importantly, the same can be said for backside and front-side shanks
tips, as seen in fig. 3.17. This is crucial since misalignment between the two layers would
cause a mismatch between the foldable shanks of the probes, that would lead to poor
encapsulation of the device in SiO, protective layer. Moreover, severe misalignment may

also cause problems during the shanks folding itself, due to unwanted hindrances.

Step Definition

Definition of Si step has been performed by Rapier (STPS Technologies, United Kingdom)
through the Bosh process described in section 2.3.5. Descum was directly performed on
the tool to remove any residue of photoresit that may have been present on exposed area
of the wafer, this leads to a reduction in the polymer thickness of a few hundreds of nm.
Then, as computed in section 2.3.5 42 loops are required to etch 30 um of Si, given the
minimum trench width present on our features. It should be noted that etching rate may
also vary between the center of the wafer and its edges. This could affect the subsequent
deep S etching step, in which parylene landing may not be reached simultaneously across
the whole wafer. As a consequence, overetch of the probes that reach first the condition
desired for release would occur. To ensure that all the shanks have a final thickness of
at least 30 pum, the number of loops has been slightly increased, up to 45, so that the
expected final step is of about 32.5 um. No folding issues related to having slightly thicker
St supports is expected, due to large gap between the central chip and the shanks supports
of about 74 um.

Once the etching has been performed, evaluation of the actual etched step has been
performed on Dektak XT mechanical profiler. In the central region of the wafer a step

of about 35 pum related to Si etching has been evaluated, starting from a measured value
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of 36.8 um. This evaluation was done by considering the measured step height between
the trenches and the top of the shanks, then the residual PR layer thickness has been

removed. To compute the latter the following formula can be used [97]:

tfinal = tinitial — Udescum * timedescum — Veteh * Noops
So in the case of interest:

pimat = 2000 nm — 10 = - 10 5 — 6 —— - 45 = 1630 nm
S 00p

Then, the etching rate of the process is slightly higher than expected, at least in the central
region of the wafer; nevertheless the final step obtained is in a perfectly acceptable range,

so the process can be carried on.

Deep Silicon Etching

The removal of the PR has been performed by the alternative, fully O, plasma based,
procedure that has been been described in section 2.3.5. Pi_wertical recipe on APS was
used to performed the resist removal.

Then DRIE etching has been performed, once again, in Rapier, in this case no descum
was required due to the absence of photoresist on the wafer backside. As it has been
previously discussed, to asses correctly parylene landing, iteration is advised, in order
to avoid excessive overetching. Ideally 190 um should be etched, with an uncertainty of
about £10 pum. Using a conservative approach the minimum number of loops required to
perform etching can be estimated by considering a residual thickness as low as possible
and, on the contrary, the highest expected etching rate. So in this case 180 um of Si are
expected to be etched, at a rate of 780 %, that is the etching speed measured during step
definition. The rate is supposed to be constant, while in reality is expected to decrease as
the depth of Si trenches becomes larger. The initial number of loops has then been set to
230, then visual inspection of the samples has been performed, under optic microscope. As
long as S'% layer is present on the bottom of the tenches, the light is reflected by it, while,
as soon as parylene is exposed, a transparent layer is revealed. After the first deep Si
etching, parylene landing was not reached in any point of the wafer, this was expected due
to the conservative parameters that has been considered in the loops number evaluation.
DRIE process was then iterated for a few loops at a time, until the great majority the
samples was released from Si. After this step the probes are effectively suspended in the

parylene layer.
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3.1.8. Probes Release

Before proceeding with the final release of the probes, insulation layer on the wafer back-
side has to be deposited. As discussed in section 2.3 it has been decided to use S0,
so to obtain probes fully encapsulated in the oxide. However D250L PECVD (Corial,
France) can not be used, since SiO deposition recipes on it are performed at 320°C, a
temperature not suitable for the Parylene-C protective layer on the wafer front-side. For
this reason sputtering at room temperature, performed in Spider 600, has been used to
deposit 500 um of SiOs.

Then the wafer was bound to the carrier wafer, previously fabricated, by Quick stick 135,
exploiting the main flats present on them to correctly align the two substrates.
PlasmaPro100 Cobra was used to perform both parylene and SiO; dry etching, respec-
tively using and Oy and C'F; chemistry. Complete Parylene removal has been assessed
by exploiting both OES and laser end point detection systems, integrated in the tool.
Moreover, 30 s of oxygen plasma overetch have been performed, so to strip any poly-
mer residual from the wafer surface. Finally, visual inspection of the wafer frontside has
been done, while keeping the sample in the tool loadlock. One of the advantages of us-
ing PlasmaPro 100 Cobra is that no further manipulation of the wafer has to be carried
out. In fact, at this state, the probes are attached to the processing wafer just by a thin
500 nm Si04 layer, that could accidentally break due to vibrations and small impacts
on the sample, resulting in an uncontrolled release. In the selected tool, instead, SiO,
etching can be directly performed. To avoid an excessive overetch, that would damage the
front side insulation layer of the probes, visual inspection through the camera integrated
in the etcher, has been performed during the whole process. As soon as the fall of the
probe visualized on camera was confirmed, the process has been interrupted after a few
seconds of overetch. These few extra second were meant to guarantee a proper release on
the whole wafer surface, due to the possible small differences in thickness and in etching
rate between the center of the substrate and its edges.

The great majority of the samples has been released properly, and fell into the sockets
of the carrier wafer vertically, no flipping or tilting has been observed; unlike previous
version of the process, in which Parylene-C was used as backside insulator. An example
of a released probe is depicted in fig. 3.18. Despite the accurate release of the samples,
St flakes have been also observed in the carriers, their presence is related to an issue that

has occurred during deep Si etching and that will now be discussed.
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Figure 3.18: Released probe fallen into the socket of the carrier wafer. Si flakes can be

observed.

3.1.9. Deep Silicon Etching Issue

During the etching of Si, steep walls were formed on the sidewalls of the features in exam.
As one can observe in fig. 3.19 these walls have an height comparable to the one of the
whole wafer after grinding, but are only limited to the contour of the S7 supports and
of the central chip. The features themselves have a final thickness of about 35 um, as
was expected from the process, while the walls have an approximate hight of 150 um,
that is consistent with the thickness of the wafer after grinding, minus the step height.
Additionally Si flakes observed in the cavities of the carrier wafer are composed of thin
beams, of approximately the same height. This could denote a common origin of these

phenomena.

(b) Working Electrode for Functionalization (optic microscope)

Figure 3.19: (a) Side and bottom view of the samples released probes under optic micro-
scope. (b) Detail of the probe sides; the apparent thickness of the probes, larger than

shank-chip distance, can be observed.
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To address a possible cause, SEM imaging has been used on a sample on which Si step
definition and subsequent PR strip were already completed, but the final deep St etching
hadn’t been performed yet. Residues of an undefined material have been found both on
the features edges and in some of the asperities of the Si surface, caused by grinding

process, as depicted in fig. 3.20.
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(a) SEM image of the shank tip (b) Detail of residues on the shank
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(¢) Resideus on a surface asperities of Si

Figure 3.20: SEM images Si surface of the wafer backside. (a) Shank tip, on which sides
polymer residuals are present, (b) a detail of the same region is shown. (c) Similar residues

found on surface asperities

To identify the material present on the surface, some considerations can be made about
SEM images seen. It can bee seen that the material appears bright white on the electron
microscope, this is the typical behavior dielectric materials. In fact, due to the accu-
mulation of charges that occurs on their surface, their signal is over-saturated, making
them appear much brighter then the surrounding metals and semiconductors. One major

culprit is compatible with this analysis and could still be present on the backside surface:
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the passivation layer used in the Bosh process to etch the S7 step. In fact such layer
is constituted by a highly fluoridated polymer, a class of materials known for their high
chemical inertness. In bosh process itself they are typically removed by physical sputter-
ing of accelerated SF, ions. Ideally During Si etching, in a perfectly optimized cycle, no
residuals on the trench sidewalls should be present, but if SFg step is short enough, some
traces of the polymer could be left on the walls.

Such analysis is compatible also with the what can be observed in fig. 3.20a and in
fig. 3.20b. In both pictures about 1.5 pum of these walls appear to have detached from
the sidewalls and to have fallen on its side, on top of the shanks. Such behavior would be
compatible with a thin fluoropolymer, attached to PR sides, that have a residual thickness
of about 1.5um, that fell once the resit was stripped. Accumulation of this passivation
layer residues on St asperities could also explain the silicon flakes that have been produced

during DRIE process.

Figure 3.21: Comparison between Si spectrum (yellow) and the one (red) of the residues,
that have been identified as C'F}.

EDX analysis has also been performed to confirm this hypothesis, however x-ray spec-
troscopy on Merlin SEM is not optimized for light elements identification, so it’s difficult
to obtain strong and clear signals in this specific case. Nonetheless, some interesting
considerations can be done by observing the comparison between bare Si spectrum and
residues one, in fig. 3.21. A strong signal related to oxygen, is detected from the region
on which residual material is present. This would imply for it to be an oxide, but this
possibility can be excluded, since at no point in the process oxides have been deposited on
the backside. The only exception is the SiOs hard mask, but its presence on St sidewalls,
that are defined after its complete removal, can not be explained. Moreover, absence of
S10, before performing S7 step definition has been previously assessed with EDX analysis.
A more plausible explanation is related to an erroneous identification of the element by

the automatic system. In fact the characteristic energies of C, O and F' are respectively:
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0.277keV, 0.525keV and 0.677keV [115]. It should be reminded that the resolution of
the detector is 127¢V, that is comparable with the differences between the characteristic
emission of these elements. In addition to it, at low energy, band broadening is common
[118]. So it is reasonable to suppose that the system is misinterpreting two weak broad
signals, related to a fluoropolymer with a single oxygen one.

To definitely prove this hypothesis, however, further tests should be performed. An exam-
ple would be to use test wafers to perform the two subsequent DRIE process, so to evaluate

if formation of steep walls is systematic and fine tuning of Bosh process is necessary.

3.1.10. Probes Folding

Despite the presence of steep S7 walls, it was feasible to perform bending of the shanks.
This was possible only after the manual removal of these residues from the edges of the
central chips. This method is detrimental since it damages the SiO, insulation layer
present on the wafer backside, so the fabricated batch of released probes is not suitable
for electrochemical testing after bending. However, the possibility of folding the probe’s
shanks is still a remarkable achievement, since it proves the feasibility of the process.
In addition, it also ultimately confirms that, apart from these walls, the expected Si
thickness of the shanks and central chip has been obtained.

To perform the folding, the guide and the lever seen in section 2.4.3 have been printed
on Photonic Professional GT+ (Nanoscribe, Germany). The guide was fixed on top of a
St dummy chip, for practical reasons. Then to perform folding, the probe was placed on
top of the guide, with its frontside facing downwards. Then, the lever was used to apply
a gentle pressure on the central chip, forcing an initial shanks bending at 45°. Finally, as
the probe slided along the final portion of the guide, 90° folding angle was reached. The

final released electrode can be seen in fig. 3.22.

Figure 3.22: Comparison of the released and bent probe with human finger.
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3.2. Electrical Testing

Up until now evaluation of the fabrication process, used to obtain the foldable electrodes
in exam, have been discussed; this was crucial to identify possible criticalities as well
as to address the key parameters in their production. At the same time, as hinted in
section 3.1.4, it is also important to verify that the three electrodes produced on each

sample are independent one with respect the others, i.e. no short circuits are present.

3.2.1. Testing at Probe Station

Direct electrical testing was performed on T.S150 (MPI Corporation, Taiwan), a probe
station equipped with four independent terminals and a conductive chunk that can be
used for grounding. The four terminals can be connected with the pads on the sample in
exam through sharp tungsten carbine (WC) needles, whose position is controlled on the
three spatial axis by manual micro-manipulators. Mechanical contact between needles
and pads can be assessed thanks to the binocular digital camera equipped on the tool
[119].

A wide variety of electrical measurements can be performed on the station, thanks to the

two analyzer connected to it:

e 4155C Semiconductor Parameter Analyzer (Agilent Technologies, USA), used for
DC characterization of devices under testing. The tool can work in range of +40 V
and £100 mA, with a resolution of 0.2 uV and 10 fA respectively.

o Multi-Frequency Impedance Analyzer (MFIA) (Zirich Instruments, Switzerland),
used instead for AC characterization, from DC up to 5 M Hz. A DC bias up to
+10 V can be applied, in a two probe configuration [119].

In the case in exam a two terminals configuration was used, as depicted in fig. 3.23, to
perform impedance characterization between: WE-CE, WE-RE, RE-CE, so to asses the
independence of the three from an electrical point of view. Moreover evaluation of the
impedance of the Pt tracks, i.e. needles positioned on the same electrode, have been
performed. This was done to confirm a proper connection between the exposed electrodes
along the shanks and the testing pads on the central chip, but also as a reference, to be

compared with the values measured between different electrodes.
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Probe Station
Needle

Figure 3.23: Scheme of the setup used to measure impedance between Working and

Reference Electrodes (WE-RE). Analogous setups are used for all the other measurements.

Impedance was evaluated between 1 Hz and 1 M Hz, 100 points have been considered
according to a logarithmic distribution. To perform the characterization, MFIA from
Zirich Insruments was used, considering the following measurement parameters: R//C
configuration, Viies = 0 V', Viriwe = 300 mV, LCR Impedance Measurement. Between
these, it should be highlighted that the equivalent circuit, that describes in first order ap-
proximation the system in exam, is a resistance in parallel with a capacitance. This takes
into account both resistive leakage currents that may flow through the insulation layer,
but also the capacitive coupling between the metals that occurs at higher frequencies. The
behavior that one should expect is describes in fig. 3.24, in which both impedance mag-
nitude and phase of an ideal RC circuit are plot [120]. At low frequencies the impedance
is dominated by resistive behavior, so it is almost constant in modulus and it has a zero
phase. Then, as capacitance effect start be relevant, a phase shift from 0° to —90° is

observed and the impedance magnitude decreases.
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Figure 3.24: Bode plots representing impedance magnitude and phase over frequency of
RC parallel circuit. Taken from [120].
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In the model shown impedance is defined as:

B 1
_é—l—ij

To characterize the devices produced, in principle, we would like to obtain impedance
and phases, between different electrodes, that follows the behavior depicted above. At
the same time, their impedance modulus should be many orders of magnitude higher then
the internal one of the Pt tracks, so to confirm their insulation one with respect to the
others.

First of all the impedance between the counter electrode (CE) and working electrode
WE, as well as the one between CE and reference electrode (RE) has been measured.
The first is located on a different shank with respect with the other two, so the short
circuiting between the two it’s highly improbable. In fact, having characterized to different
batch of samples, for a total of about 20 measurements, all the impedance measured had
comparable values. In fig. 3.25 Bode plots of impedance magnitude and phase between
CE and the other electrodes is shown, the plot shows the median value and the median
absolute deviation (MAD) of the gathered data, This approach has been preferred with
respect to arithmetic mean and standard deviation representation, due to the significant
noise present on the measurements, especially at low frequencies. In fact median and
MAD are more robust to outliers, while, at the same time, avoid the arbitrary discard of

measured values. MAD is computed as follows:
MAD = median(|z; — median(x)|)

One of the most probable reasons the noise present in the gathered data is related to
environmental vibrations, to which the system is sensitive to. In fact probe station and
analyzers are located in a zone of the clean-room in which other instruments are present,
in particular etchers and evaporators. The pumping systems required for their functioning
produce significant vibrations, that are then transmitted to the probe station, since the
latter is not positioned on an anti-vibration table. The problem affects, as can be observed
in fig. 3.25b especially the signal phase at low frequencies, due to the large variations
impressed to the small imaginary component of the impedance. As the value of the
imaginary components grows in modulus, the effect of such vibrations almost disappears.

Despite the noisy phase signals, some interesting considerations can be made:

1. At low frequencies an impedance of about 10® Q is obtained, this value seems basi-

cally independent on frequency, suggesting resistive behavior.
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2. Cut-off frequency occurs around 3 kH z, then the magnitude starts to decrease. At
the same frequency, also the phase shifts towards negative values, suggesting an

increased relevance of the capacitive contribution.

3. For frequencies higher than 10 £Hz of about —90° is observed, in agreement with

the expected capacitive dominated behavior.
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Figure 3.25: Bode plots of the median impedance between the counter electrode and the
electrodes on the other shank, i.e. reference and working ones. (a) Impedance Magnitude

(b) Impedance phase.

To better quantify the meaning of the values found, the curves have been compared with
the ones originating from two reference conditions. The first one is the internal impedance

of the Pt layer, that is supposed to be many orders of magnitude smaller than the one
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discussed just now. This measurement was simply performed by positioning the two
terminals on the exposed electrode and on its pad. The other reference measurement was
done in open circuit condition, with the WC needles at a comparable distance with respect
to the one used for actual measurements. This can help to identify the limits of the testing
setup and compare the insulation level obtained with respect to an ideal open circuit
condition. Fig. 3.26 shows that the impedance between CE and the other is comparable
with the open circuit condition at low frequency, ensuring a optimal insulation of the Pt
electrodes. The internal impedance of each electrode is in a range of few tens of {2, proving

the good conductivity of the metal layer together with the insulation effectiveness.
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Figure 3.26: Median impedance magnitude shown in fig. 3.25a compared with open circuit

condition and with the internal impedance of the Pt tracks.

The last impedance measurements that has to be done is the most critical: the absence of
short circuits between RE and WE must be confirmed. In this case the two electrodes are
located on the same shank, and are separated by 10 um trench, so they are much more
prone to undesired connections, unlike the CE.

As shown in fig. 3.27, impedance modulus perfectly comparable with the one previously
seen has been obtained, both in terms of numerical values and shape. The same has been
observed for phases. The main difference resides in the number of short circuited samples.
Going into the details, great difference in the process yield has been observed between the
two analyzed batches. Out of about 20 samples tested per each batch, 85% of samples in
one batch were functioning as expected, while the other had a success rate of only 35%.
All failures were attributed to short circuiting, since the measured impedance values were
in a range that goes from 100 €2 up to 10 £€2. To asses their presence and to have a better

understanding on the reasons behind it, EDX analysis has been performed.
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Figure 3.27: Median impedance magnitude shown in fig. 3.25a compared with open circuit

condition and with the internal impedance of the Pt tracks.

3.2.2. Platinum Electrodes Inspection

In section 2.2.8 it has been discussed about the importance of performing photo-resit
reflow, so to avoid Pt redeposition on its walls, that would lead to formation of steep
fences once the polymer is removed. However, during Pt deposition and subsequent
etching, some walls that can not be smoothed down are actually present on the wafer: the
Al shanks on which the electrode are patterned. In an ideal situation, Pt redeposition
on the shanks sides should not be an issue, due to the fact that the electrodes on top
of the features are sufficiently distanced from its edges, to avoid connection with them.
Nonetheless, in the batch that was mostly affected by the problem, it has been observed
that a certain non-uniformity in the alignment of the Pt features, with respect to the
underlying layers, was present. In particular, the probes in the central region of the wafer
have been observed to have well aligned layers, while moving toward the external regions,
Pt tracks were shifted to the point of overlapping with shanks edges. Such condition may
have facilitated the short-circuiting between RE and WE, as shown in fig. 3.28.

s Al+SiO, === PR

Pt Si
a) b)

Figure 3.28: Scheme that illustrate the mechanism behind Pt tracks short circuiting, due

to its redeposition along the shanks walls.
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To demonstrate this hypothesis, EDX analysis was performed in Merlin SEM, the results

are illustrated in fig. 3.29 and confirm the presence of platinum on the electrodes shanks.

Electron Image 1

25pm

(a) Pt redeposited on shanks walls

(b) EDX spectra of the three regions highlighted in (a)

Figure 3.29: (a) SEM image that depicts the three inspected regions: Pt pad (spectrum 1),
Si0; central chip (spectrum 2), shank sidewall (spectrum 3). (b) Three spectra obtained
in each region, in particular it is shown that non negligible Pt signal has been detected

in Spectrum 3.

Platinum presence, combined with the unusual non-uniformity observed, explain the low
yield of the second batch with respect to the first one. Moreover, the fact that not all
the samples are equally shifted implies a certain distribution also on the thickness and
uniformity of the accidental connections, this consideration is compatible with the wide
range of impedance values measured on faulty samples. Retroactive identification of the
causes that brought to the large inhomogeneity observed is not possible, however some
hypotheses can be made. In fact, the two most probable possibilities are related to a
non-uniformity in the deposition of the PR, that resulted in an uneven exposure of the
pattern. Alternatively, it has been noticed that the wafer used as a substrate, had the
highest bending value between the ones on which Al layer has been deposited. For the

details regarding such bending consider section 3.1.1. A possible solution to remove the
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risk of this kind of short-circuits would be to modify the process flow, in order to reverse
the etching steps, i.e. depositing Al, SiOy and Pt in sequence, to then perform etching
of the three materials. This technique would allow to pattern platinum on a flat surface,
removing entirely the risk of the observed redeposition. The main possible downside is
related to the stress accumulation that may occur due to the stacking of multiple layers,

without the release of it given by etching.

3.3. Electrochemical Characterization

After having assessed the effectiveness of the electrical insulation, together with the the
conductivity of the Pt tracks, one could move forward into the characterization of the
fabricated electrodes, analyzing their behavior in solution. In the following section a brief
introduction to electrochemistry will be provided, followed by a discussion about the tech-
nique that had been used for characterization: Electrochemical Impedance Spectroscopy
(EIS). Setup configuration, testing parameters and results obtained will be discussed.
This section has to be considered as the first step towards dopamine sensing, that the

fabricated electrodes aim to achieve.

3.3.1. Introduction to Electrochemistry

Electrode-Electrolyte Interface

First of all, when performing electrochemical measurements, the presence of an electrolyte
solution has to be considered, in fact electrical charges have to flow between the electrodes,
passing through such medium. However, there is a key difference between metals and
electrolytes, in fact, the first charge carriers are the electrons, while in the second this
role is played by ions. This implies that at the solution-electrode interface a relationship
between the two charge carriers type has to be present for current to flow. Two main

classes of interfaces can be defined [61]:

e Non-Faradaic Interface: In this case the interaction occurs due to attractive
and repulsive electrostatic forces between electrons and ions. Let’s consider, for
simplicity, a case in which a fixed potential is present on the surface of one electrode.
Ions in solution with an opposite charge with respect to such potential will be
attracted towards the electrode surface. Two regions can be distinguished the Stern
layer, formed by the ions accumulated on the electrode, and a diffuse layer; such
structure is called double-layer capacitance. Stern layer can be further divided into:
Inner Helmholtz Plane (IHP) and Outer Helmholtz Plane (OHP). The first one is

formed by ions specifically adsorbed on the electrode surface, while in the second
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ions are accumulated to to electrostatic attraction, but no specific adsorption occurs.
Diffuse region, instead, is defined as the one in which a different concentration of

ions, with respect to the one in the bulk solution, is present.

Faradaic Interface: If instead a red-ox species is present in solution, chemical
reaction can cause direct transfer of electrons from the metal to the electrolyte,
thanks to anions and cations production. Depending on the electrode material and
on the solution used, such reaction could require consumption of material, that is
usually undesired, or involve only species present in the electrolyte. A virtuous
example of the second type of interaction is the one that occurs between platinum
electrodes and dopamine. The molecule, in fact, can undergo a quasi-reversible
oxidation at voltage between 0.2V and 0.4V. For this reason detection of the ionic
current generated can be performed, without the necessity of functionalization of

the Pt electrode surface.
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Figure 3.30: (a) Double layer capacitance scheme, IHP, OHP and diffuse layer are high-

lighted. From [121]. (b) Faradaic and Non-Faradaic mechanisms comparison, both for

positively charge electrodes and for negatively charged ones. Taken from [122]

Electrochemical Sensing Instruments

The most commonly used configuration to measure electrochemical signals is the poten-

tiostatic one, in which a voltage is imposed to the Counter Electrode and the current

flowing through electrolytic solution into the Working Electrode is measured. Following

this simple premise, multiple characterization and detection techniques can be performed.

The three most relevant are [61]:

e Chronoamperometry Working electrode potential is kept fixed while current vari-

ation in time is measured. to perform sensing, it is possible to compare the measured
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current values at different concentrations of the analyte in exam.

e Cyclic Voltametry A periodic triangular signal is imposed, whose slope defines
the scan rate of the measurement. The technique is usually performed to search for
red-ox reactions, for which current over voltage plot present a characteristic double
peak shape. Analyte identification can be performed thanks to the formal redox
potential measurement, that is characteristic of each red-ox reaction and is defined

as the average between the anodic peak potential and cathodic peak one.

¢ Electrochemical Impedance Spectroscopy A sinusoidal voltage is imposed,
sweeping its frequency over a certain range. The measured impedance is strongly
dependent, apart from the solution used, on interfacial properties of the electrode,
such as surface roughness. Due to this reason, it’s a suitable technique for the

fabricated electrodes characterization.

Another important concept that has to be introduced, before discussing electrochemi-
cal measurements performed, is the role played by the three electrode configuration [61],
that’s also the basis of the design of foldable devices in exam.

Let’s suppose to have a two electrode configuration, in this case a voltage difference be-
tween WE and CE is applied. Such drop can be decomposed in multiple contributions:
the overpotential at CE-solution interface (AV}), the ohmic drop due to solution (i - Rsy)
and the overpotential due to WE-solution AV,. All these values are current dependent,
so it is not possible to experimentally separates their contribution. This implies that no
precise control over the working electrode potential relative to solution can be obtained.
Since, in principle, we would like to have such control, for example to impose the precise
oxidation potential required by a red-ox species of interest, a different configuration is
required.

A third electrode, called reference electrode (RE), is implemented and it’s placed as close
as possible to the WE, so to minimize resistance solution effects. In potentiostatic con-
figuration, RE is connected to the inverting input of an Operational Amplifier (OpAmp),
while the counter is connected to its output. Since RE is connected to an ideally infi-
nite impedance, essentially no current flows through it, ensuring potential stability. At
the same time a negative feedback loop corrects the value of CE potential, so that the
difference between the working electrode and the reference electrode potentials remains
equal to the target value. In this way accurate control of the WE potential relative to the
solution is achieved. Finally it should be noted that some characteristic of the reference
electrode are required to have stable and reproducible control. In particular the electrode
has to be: stable in potential, both over temperature and in time, and not polarizable, so

the passing current should not affect its potential. In order to achieve such stability RE
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have to be based on reversible red-ox couples. A perfect example, that was used also used
for the characterization of the fabricated electrodes, is the Ag/AgCI reference electrode.
Before proceeding with experimental setup description, one last consideration has to be
done. The three electrodes that are present on the fabricated foldable device are all made
of the same material, including the one whose final purpose will be to act as RE during
dopamine sensing. However one may notice that Pt do not satisfy all the requirements
stated above, for this reach it should be more actually referred to as pseudo-reference
electrode. Nonetheless, having three Pt electrodes is still a common practice in micro-
fabricated devices [23|, due to the simplicity of fabrication, combined with the material

chemical stability and bio-compatibility.

»— Qut

Figure 3.31: Three electrodes configuration scheme of a potentiostat. Gentle concession

of prof. Carminati (Dipartimento di Elettronica, Informazione e Bioingegneria, PoliMi).

3.3.2. Sample Preparation

In order to test the micro-fabricated electrodes in solution the following approach has

been followed to prepare the samples:

1. Samples fabrication was interrupted at the end of the front-side fabrication, i.e. at

of the step discussed in section 2.2.9;

2. Wafer was diced, so to obtain small chips, on each a single device is present;

3. Placement of the samples on Printed Circuit Board (PCB) designed ad-hoc;

4. Wire bonding of the electrodes pads to the ones of the PCB;

5. Insulation of the wires and the exposed areas of the chip, such as Al exposed due
to dicing;

6. Pin headers soldering to the PCB vias, so to allow connection to the potentiostat
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used for measurement.

Printed Circuit Board

First of all the PCB to be used for testing had to designed and produced. In order to do
the first, Altium Designer (Altium Limited, USA) was used, a software package for PCBs
design, from the schematic to the final layout, even offering the possibilities of performing
simulations and analysis [123].

For the scope of interest a simple PCB constituted only by tracks and pads for electrical
connection is required, the main parameters that has to be taken into account are the
reduced dimensions and high proximity of the pads, that is required for a feasible wire
bond connection. The elongated shape of the board has also to be considered; so that
submersion of the PCB into the electrolyte can occur safely, without any risk of wetting
for the external electrical connections. The final result of such constrictions is depicted
in fig. 3.32, the board was then commissioned to Furocircuits N.V. (Belgium) for its

fabrication.
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Figure 3.32: Designed PCB render, a detail of the pads for wire bonding is highlighted.

For a better matching with the constrictions imposed by the factory, the unit of mea-
surement used during design was mul, i.e. one-thousandth of an inch, in SI units it is
equivalent to 25.4 um. Each pad for wire bonding has a size of 6-20 mil? and is distanced
by its neighbors by 10 mil. Six pads in total are disposed on two rows, separated by a
64 mil gap, that is large enough to accommodate the small chips containing the samples
to characterize. The number of pads was set to 6 so that the board is compatible for
testing both the standard three electrodes samples and the multiple WEs ones. Finally

vias, for pin headers connection, were based on factory datasheet of the latter.

Small Chips Fabrication

Before the actual wire bonding of the samples to the fabricated PCBs, dicing of the
chip itself has to be performed. This was done starting from a wafer, whose production
is identical to the one described for the released probes, with the exception that the

process is interrupted after front-side SiOy patterning. Then, the front-side is coated
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with the same protective layer used before grinding: MC' PC' 62E. More precisely 10 pum
of the polymer were deposited by SM-200, (Sawatec AG, Switzerland) manual coater. In
this case the protective layer is necessary, so that the particles that are released during
mechanical Si dicing, performed in DAD321 (Disco Corporation, Japan) [124], do not
damage the features present on the wafer front-side.

The chips obtainment were then cleaned from the resit by manual immersion in Acetone,
IPA and DI water rinsing, a standard not aggressive procedure for organic materials

removal. The following immersion and rinsing times have been used:

Lacetone = 10 min + trpa = 10 min + tprrinse = 1 min

Wire Bonding

First of all chips have been positioned in the designated area of the PCB, that, for sim-
plicity of alignment, has been highlighted by a rectangle and four arrows, printed on the
board itself. In order to bond Si chip with the board, H70F (Epoxy Technology, USA)
has been used, a bi-component eclectically insulating epoxy, designed for this specific
purpose. After mixing the two components, considering a 1 : 1 weight ratio, a drop of the
compound has been placed, using a small needle, at the center of the rectangle present
on PCB. Then the chip has been position on top of the epoxy drop and aligned, as shown
in fig. 3.33a. In order to facilitate the visualization of manual positioning a binocular
microscope, SMZ-1 (Nikon Corporation, Japan), has been used. The epoxy won’t solidify
properly unless it is cured at high temperature, according to the datasheet, it has been
decided to bake the samples at 125°C for 15 min. This temperature is not high enough to
damage neither the chips nor the PCB, but it ensures a strong connection in a reasonable
cuing time [125].

Afterwards, wire bonding has been performed by 5630i (F¢4S Bondtec, Austria), an au-
tomatic bonder that exploits ultrasound vibration and pressure application to weld Au
and Al wires on small chip pads. Wires of both materials have been successfully tested
for bonding with the samples in exam, however final electrochemical tests have been
performed with Au wire-bonded samples, due to its lower resistivity. Multiple parame-
ters should be considered to obtain successful bonding, in particular one should regulate
bonding time, force and ultra-sound power [126]. In fact, these parameter have to be high
enough so that correct welding of the wire can occur, but at the same time should not
be so high to damage the layers of the micro-fabricated samples. In our specific case the
parameters in table 3.1 have been used, for Au wires. The last parameter that has to
be checked is the loop hight, i.e. the height reached by the wire during the connection

between one pad and the other. This value has be high enough to avoid undesired con-
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tact between wires and other regions of the sample. A correct bonding can be observed in
fig. 3.33b. After bonding of the sample has been completed, visual inspection of the result

can be made both on the digital camera installed on 5630 and on SMZ-1 microscope.

Location | Bond Time | US Power Force
PCB Pad 35 ms 70 digits | 35 grams
Sample Pad 35 ms 70 digits | 35 grams

Table 3.1: Parameters used to weld 25um Au wires on PCB and sample pads.

(a) Sample positioned on the PCB

(b) Successful Wire Bonding with Al
Wires

Figure 3.33: (a) Sample is positioned in the center of the area designated by the rectangle
on the PCB (b) Successful wire bonding of the sample through Al wires.

Sample Insulation

Despite the full insulation of Si05 that covers the micro-fabricated device, the samples can
not be submerged in electrolytic solution as they are. In fact multiple exposed metals are
still present: the Pt pads on the region of the foldable device, used for wires connection,
the wires themselves, the Au pads of the PCB and finally the exposed Al on the chip edges.
The insulation of the latter is especially important, due to the high chemical reactivity
of the metal in the solution used for electrochemical testing: Phosphate Buffered Saline
(PBS) solution, commonly used in biological research. Al dissolution in PBS not only is
detrimental due to solution contamination, but it can also cause a sudden release of the
internal stresses, inducing cracks in the Si0, layer, ultimately resulting in catastrophic

failure of the device.
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In order to prevent this occurrence, H70E-2 (Epoxy Technology, USA) was used, an
analogous version of the insulating epoxy previously considered, optimized for glob-top
chip protection [127]. In this case the epoxy has to be placed into a syringe, connected to
a pump, in order to obtain a precisely controlled dispense. Samples have been positioned
on a hot pate at about 80°C, in order to facilitate the flow of the viscous epoxy on the
chip to protect. H70E2 drops have been dispensed in proximity of PCB pads and wires,
the drops tend to maintain an hemispherical shape on the sample surface, so the flow can
be controlled by carefully spreading the epoxy with the syringe tip. The most critical
step is the insulation of the pads present on the sample, since the epoxy must not cover
RE, WE or CE. In addition all the sides of the chip, both internally and externally, are
insulated, so to avoid Al exposure to the solution. Finally wires have to be completely
incorporated by the epoxy. Baking temperature and times are analogous to the one seen
for H70E. Once the curing has been completed, if exposed areas are still present, it is
possible to perform a second application.

One last consideration is that, the absence of damage on the electrodes shanks after
electrochemical testing, once a proper insulation of the chip sides has been performed,

confirms the effectiveness of Si0O; layer in the insulation of the Al shanks.

a) M b)

Figure 3.34: Comparison between CEs after electrochemical testing in PBS 10x, in case
of a) poor insulation of Al on chip sides and b) full insulation. No damage has been

observed in the second case.

3.3.3. Electrochemical Impedance Spectroscopy

As previously stated in section 3.3.1, Electrochemical Impedance Spectroscopy was chosen
to characterize the fabricated electrodes in solution. The tree electrodes of each sample
have been characterized separately, exploiting them as working electrodes in the measure-
ment setup. A Pt wire was used as counter electrode, while reference electrode of choice

has been a standard Ag/AgCl RE. To avoid confusion, from now on, the characterized
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electrodes will not be defined for the role that they are meant to have in the final device
(WE, RE and CE), but simply for their geometrical area, and has to be always considered

as working electrodes in this section.

Experimental Setup

1z PBS solution has been prepared, the following concentrations are expected: NaCl :
137 mM, KCl:2.7mM, NaayHPO,4 : 10 mM, KHyPO, : 1.8 mM [128|. Buffer solution
has been poured in a beaker, while the samples has been submerged in it, after having it
clamped so to be able to regulate its height with respect to the solution level. The same
approach has been used to submerge in solution the Pt wire and the Ag/AgCI reference
electrode. Reference electrode has been placed as close as possible to the sample, avoiding
contact between the two. CE instead has been fully submerged, to maximize the surface

of the wire in contact with the solution.

R\

|

WE

Figure 3.35: Scheme of the experimental setup used to perform EIS analysis. The three
connections of the WE are related to each one of the Pt electrodes present on the sample.
But it should be noted that their characterization occurred once at a time. (Image
obtained with BioRender).

The three electrodes (sample, Ag/AgCl RE and Pt CE) were connected to Autolab PG-
STATS302N (Metrohm, Switzerland) a high current potentiostat/galvanostat with a band-
width of 1 M Hz [129], that has been used for impedance measurements. To control the
system, NOVA (Metrohm, Switzerland) has been used, the dedicated software for the

operation of the tool. The following parameters have been imposed:

e Potentiostatic mode;
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e Highest current range of 10 A, lowest current range 10 nA;
e Root mean square voltage of 10 mV;

e Frequency range from 0.1 Hz to 100 kH z;

e Points measured per decade: 10.

After the characterization of each one of its electrodes, the sample was removed from
the solution, rinsed with DI water and dried by N; gun. The same procedure has been

followed for each sample that has been analyzed.

Measurements and Discussion

First of all it has been decided to characterize the 2000 um? electrodes present on the
foldable shanks of the device. According to the parameters set above, it has been found
that the impedance magnitude varies in a range that goes from 10° Q, at 0.1 Hz, to 105 Q
at 100 kHz. This is shown in fig. 3.36a, that represents the mean value of impedance
over the tested samples; while, the shaded area represents the standard deviation. Un-
like previous electrical spectroscopies, in which the main noise source was introduced by
mechanical vibrations, in this case using mean value and MAD has not been observed to
bring significant advantages to the signal representation. An interesting consideration is
that, at very low frequencies ad at high frequencies, apart from a non negligible standard
deviation of the samples, the signal obtained does not present strong noise. However, in
the range of frequency that goes between 1 Hz to 100 Hz, strong noise are present both
in magnitude and especially in phase. This is the region in which the impedance passes
from being resistive dominated ¢ &~ —20° , to capacitive dominated ¢ ~ —70/ — 80°.
Establish the exact reason behind this behavior is not trivial, since multiple factors could
have brought to such behavior, that may be related to the sample itself, the setup used to
perform the measurement or internal parameters of the tool. Nonetheless some interesting

considerations can still be made, despite the noisy signals obtained.
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Electrochemical Impedance Magnitude for 2000 pm2
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Figure 3.36: Bode plots of the mean impedance of the electrode-electrolyte system. (a)

Impedance Magnitude (b) Impedance phase.

If one considers the impedance spectra of the 20’000 pm?, the same noisy behavior is

observed, as shown in fig. 3.37a.

Due to such significant noise value, comparing the

impedance moduli of the 2000 zm? and the one of the 20’000 m? on the whole frequency

range is not reliable. However, if one instead considers only the values for which more

stable results ave been obtain, i.e. above 100 H z, the comparison between the two curves

can be performed. In fig. 3.37b is possible to observe that, as expected, to larger areas

corresponds lower impedance magnitudes,
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(b) Comparison between Electrochemical Impedances

Figure 3.37: (a) Electrochemical impedance magnitude of 20000 pum? electrodes. (b)
Comparison between 20000 um? electrodes impedance and the 2000 um? one, between

100 Hz and 100'000 Hz.

For completeness a comparison between the measured impedance values for 2000 pm?
fabricated electrodes and values reported in literature [130] is provided. The data pro-
vided are referred to circular Pt micro-electrodes, in PBS 1x solution. It can be seen the
fabricated electrodes apparently have an impedance closer to the one of 300 pum? circular
electrodes, than to the one of the electrodes with the same area. However, quantitative
comparison between the reported data is not trivial. In fact the setup used may affect sig-
nificantly the results, since the values reported were retrieved from measurements directly
on-chip, while in our case a completely different approach has been used. Comparison
with typical curves for similar electrodes, in the same conditions, is still useful from a
qualitative point of view. In fact it can be verified that the impedance measured is in the

the range expected and its almost linear behavior it’s also consistent with literature.
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Impedance Magnitude Comparison with Literature
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Figure 3.38: Comparison between impedance of 2000 um? fabricated electrodes and cir-

cular Pt electrodes reported in literature [130].
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Conclusions and Future

Developments

During the course of this thesis I've discussed about the increasing relevance of neural
implants, both in biology and in medicine, offering an overview on the main typologies
of probes that have been developed through the years. An introduction to the context in
which this project has been developed was also provided, presenting the idea of CMOS
compatible foldable electrodes for cortical implantation.

Considerable modifications and optimizations have been implemented on the fabrication
process, aimed to accommodate the multi-layer design required for embedding two or
more electrodes on the device shanks. The feasibility in electrodes production have been
successfully assessed by performing the full fabrication process, from bare substrate to the
released probes. Eventual criticalities have been addressed and justified, also proposing
solutions for further improvements in the design.

Moreover, electrical characterization on small flat chip has been performed, ensuring that
insulation is achieved by Si0, deposition, and the possibility of embedding multiple in-
dependent channels on each shank. Finally, preliminary electrochemical characterization
has been performed, showing a behavior qualitatively in accordance to what is expected

for analogous electrodes of the same size.

Despite the encouraging results that have been obtained by this thesis project and by
previous work on the topic, there is still a wide variety of studies that should be performed
to have full assessment on the potentialities offered by this approach. Here a list on the

most important steps towards the production of the final devices.

e Resolution of issue on DRIE of Si. Prevention into the formation of steep walls
during S7 backside etching is to be considered a priority. It is crucial to determine
if this unforeseen problem has been caused by the modifications in previous steps

of the fabrication process or by changes in operation parameters of the tool used.

e Yield Improvement. As seen, a considerable discrepancy between yields of the

two batches analyzed under probe station has been observed. An alterative process
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flow has been proposed and could be tested to significantly improved repeatability in
the fabrication. Otherwise, fine tuning of the design and process parameters might

be sufficient to reduce the possibility to incur in the issue described in section 3.2.2.

Released Probes Testing. Electrochemical characterization of the probes should
be also performed for the final released device. In order to do so a methodology to

test these unique samples has to be developed.

Dopamine Sensing. Up until now only preliminary electrochemical impedance
measurements have been performed. However to fully characterize the electrodes
fabricated, dopamine sensing, exclusively exploiting them, has to be performed.
Once successful measurements will be obtained, the possibility of exploring sensing

of other clinical relevant molecules can be explored.

Life Cycle Assessment. The functioning of the devices in chronic implant has
to be verified. A possibility is to perform accelerated aging tests on the electrodes,
so to ensure their functioning after a long term implantation. One of the most
critical aspect is the preservation of the Si0O; insulation layer, in the brain tissue

environment. It’s degradation, in fact, could lead to premature failure of the devices

Full CMOS Integration. Up until now fabrication of micro-electrodes on dummy
wafers has been proven. The final step would be to definitively demonstrate their
compatibility with CMOS technology, in a system that directly embeds circuitry in
the central chip of the probes.
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