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Abstract

Implantable neural probes represent one the most revolutionary technology of the last years, having
experienced a large growth because of the wide range of applications in which they can be adopted,
spacing from the treatment of neurological disease to the Internet of Things. They aim to record
or stimulate the neurons activity using thin needles to be implanted into the brain cortex, with a
depth and location depending on the particular device purpose.
The biggest challenge for a more massive use of human machine interfaces for biomedical appli-
cations is related to the capability of developing small devices with a high density of recording/s-
timulation sites, able to last long in a biological medium. That happens because unconventional
materials for microfabrication processes have to be used, even if micromachining is not well devel-
oped for such materials. Thus, it is the case of stainless steel used to give robustness and flexibility
to devices substrates, as well as Parylene C to ensure biocompatibility and good insulation perfor-
mance: both of them have been adopted to realize the devices used in this thesis work.
After the fabrication process, some customization procedures need to be adopted to improve quality
of the surfaces. Electropolishing and electroetching are two valide candidates for this purpose: the
procedures have been implemented to get hybrid flexible/stiff devices with smooth edges, avoiding
the possibility to damage the recording sites or changing the electrical insulator properties.
In terms of packaging, correctly interfacing the device with the electrical setup for the recording
operation could be challenging due the fragility of the device itself. This operation needs to be
customized in such a way that the mechanical stress for the device is minimized, without losing
in signal quality, in terms of parasitics and yield of the packaging procedure. Adhesive flip chip
bonding and Zero Insertion Force (ZIF) connectors have been used to obtain this result, by inter-
facing the probe back-end with customized flexible Printed Circuit Boards (PCBs).
Then, each device needs to be electrically characterized, to ensure good performance before the
in-vivo implantation or to modify the fabrication process if major problems are encountered dur-
ing the result analysis. Electrochemical Impedance Spectroscopy (EIS) is the technique adopted in
this thesis work to analyze both the response of one single recording site and the crosstalk effects
between two traces. The implemented setup uses a PCB board to switch between all the probe
channels, resulting in an automatic routine that makes the process fast and increases reliability.
Another important aspect of implantable devices characterization is the estimation of the mean
time to failure after the insertion in a biological tissue. The device aging has been artificially
carried on and the probe electrical properties have been analyzed over time starting from different
aging conditions.
Finally, the last step of the characterization is to test how each recording site responds to an elec-
trical stimulus that emulates the neuron activity, before performing the in-vivo characterization
directly on animals brain.

Keywords: Implantable neural probes, electroetching, electropolishing, packaging, electrical char-
acterization, accelerated aging, in-vivo characterization.
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Chapter 1

Introduction to neuronal recording

Neuronal recording is the basis for the study of the human brain and acts as the connection
between the human body and each electrical devices that can be controlled without exploiting the
muscolar system. It represents the basis to any Brain Machine Interface (BMI) used nowadays
in biomedicine to help people mutilated or affected by neuromuscolar diseases. As an example,
the Figure 1.1 shows the potential of such a technology in improving people’s lives by helping a
paralyzed woman to move a robotic arm.

Figure 1.1: A woman uses a BMI to move a robotic arm and drink coffee [1]

At the same time, studying the brain through neuronal recording is a way to understand better
brain diseases such as Alzheimer’s or Parkinson’s and find new methodologies for their treatment.
Moreover, it could become a challenge to improve already existing technologies or some in develop-
ment such as the Internet of Things (IoT), in which people might be able to interact with electrical
objects using thought.
In a wide range of cases, these technologies exploit a direct contact between some bioelectronic
devices and the human brain so that most of the research strengths are focused on making this
interaction as less invasive as possible without losing in recording operation performance. Some
important results have led to the discovery of new materials that do not cause rejection or that
increase devices flexibility, resulting in a reduction of risks for brain tissue.
But some aspects of the research are still being studied. For example, the possibility of mixing
neuroscience and optogenetics in order to combine optical stimulation and electrical recording to
provide additional informations on particular ways of functioning of the brain.
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1. Introduction to neuronal recording

1.1 The neuron
A neuron is the basic working unit of the brain that communicates with other cells via specialized
connections called synapses. The average human brain contains around 86 billion neurons and,
compared with all the cells of the body, the most important property is the capability of propagating
signals quiclky up to great distances [2]. This is possible thanks to the specific cell physiognomy
showed in Figure 1.2.

Figure 1.2: The neuron [3]

A useful analogy is to think of a neuron as a tree with three main parts [4]:

• dendrites: they are the branches of the tree, where a neuron receive inputs from other cells;

• soma: it is the trunk, where the nucleus is located and where most of the proteins are
produced to be transported throughout the axon and dendrites;

• axon: it is the the root of the tree, used to send output signals towards other cells;

This kind of structure is extremely branched thanks to the synaptic connections that make a neuron
able to receive multiple inputs from lots of other neurons. Moreover, neurons present physiological
specializations such as membrane-spanning ion channels to excahnge ions with the outside of the
cell. The most frequent ions are potassium (K+), sodium (Na+), calcium (Ca2+) and chloride
(Cl−) [5].
From an electro-chemical point of view, ions inside and outside the cell create different potentials.
Generally, under resting conditions, inside the cell the potential is more negative, around −70 mV ,
with respect to the outside [4]. This condition is called polarization. Ions pumps in the membrane
maintain concentrations to support resting conditions, in the specific case Na+ is more concen-
trated outside the cell and K+ inside it. Whenever the flux through the membrane changes, and
so the concentrations, the value of that potential changes too: sometimes the potential (termed
as "membrane potential") becomes less negative (so it increases) and other times more negative.
In the first case, negative charges flow out of the cell, or positive come in, so there is a condition
of depolarization. On the contrary, in the second case there is a condition of hyperpolarization
because positive charges flow out or negative ones come in. The Figure 1.3 shows these conditions.

2



1. Introduction to neuronal recording

(a)

(b)

(c)

Figure 1.3: Neuron membrane acts as a pump for ions inside and outside the cell. Polarization
conditions: a) membrane polarized (or resting) b) membrane depolarized c) membrane hyperpolar-
ized

If the neuron reaches a certain treshold set to −50 mV , it becomes sufficiently depolarized to
generate a signal called action potential or spike. The latter is the electrical signal that travels all
along the axon and reaches all the adjacent neurons. In other words, it is the message that make
neurons able to communicate. During the period in which the spike moves through the cell, the
neuron is considered activated and his activity takes the name of "neurononal firing".
At the junction between two neurons (i.e. synapse) the neuron that "fires" causes the release of
other chemical neurotransmitters: they can either excite or inhibit the following neurons from
firing their own action potentials [4].
In Figure1.4 is reported the whole membrane potential cycle.
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1. Introduction to neuronal recording

Figure 1.4: Membrane potential: when the potential overcome the threshold the neuron is activated
and an action potential is generated [6]

As one can see, between the depolarization phase and the following hyperpolarization, there is an
intermediate phase of re-polarization in which positive ions start going out of the cell making the
potential more and more negative.
The process of evoked action potentials is continuos and make one spike be followed by another
spike in time, causing the so called neuronal response.

1.2 Neuronal response
In general, depending on the brain activity intensity, a neuronal response can be seen as a sequence
of spikes spaced in time. There are some physical constraints on the frequency that a sequence
spikes can achieve. These constraints can be summarized as "refractary periods". In fact, for after
just few milliseconds an action potential has been fired, there is a first absolute refractory period
in which, as the name suggests, no spikes are emitted. The second constraint is known as relative
refractory period: it can last up to tens of milliseconds after a spike and in which it is almost
impossible to see another spike follow the first one [5].
Altough action potentials can have different duration, amplitude and shape, they can be treated
as a sequence of the same copy in time. For this reason, by neglecting their brief duration which
is around 1 ms, they can be represented as a pulse train [5]:

ρ(t) =
nØ
i=1

δ(t− ti) (1.1)

where δ is the Dirac’s function, 0 < ti < T is the period of time in which the spikes are recorded
and n is the number of the spikes in that period. As the notation suggests, at each instant of time
i of the interval for one specific trial corresponds one spike and one only. In the expression (1.1),
ρ(t) takes the name of neural response function. Since the sequence of action potentials varies from
trial to trial, typically probability or statistic are used to treat neuronal responses [5].

There are lot of figures of merit used in the neuro-recording field that help to handle different
samples with similar features. The first one is the spike-count rate, obtained as the total number
of action potentials in a trial divided by the duration of the trial [5]:

r = n

T
= 1
T

Ú T

0
ρ(τ)dτ (1.2)

where n =
s
ρ(τ)dτ comes from the fact that the total number of spikes has to be computed as
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the sum of each sample of the function ρ in the interval [0, T ].
The easiest way to compute spike-count rate is to average respect to one single trial, but this choice
implies to get the worst temporal resolution for what concern variations during the course of the
trial [5]. In other words, in this way the rate becomes time invariant and the information recorded
is almost useless.
Another method to tansform the rate in a time-dependent quantity, is to divide the trial in a finite
number of intervals and compute the rate for each of them. Thus, the rate at time t will be the
ratio between all the spikes occurred in the interval [t, t+∆t] and ∆t itself. Nevertheless, for small
∆t needed for high temporal resolution, the result for the spike counting would be either 1 or 0,
giving just these two results [5].
The solution is to the average over multiple trials in order to define a time-dependent firing rate
as the average spikes number (over trials) in a certain interval divided by the duration of the
interval. Basically, the numerator becomes the integral of the neural response function averaged
on trials. By indicating with the angle brackets the average over trials, the time-dependent fiing
rate is expressed as [5]:

r(t) = 1
∆t

Ú t+∆t

t

éρ(τ)êdτ (1.3)

If ∆t is small, in the best case scenario there will be one spike in the interval [t t + ∆t]. That
means that r(t)∆t is also the fraction of trials in which a spike manifested itself. At the same
time, r(t)∆t is the probability that a spike occurs during this interval. So the definition of time
dependent firing rate can be formalized as: "it is the probability that a spike occurs during a small
interval ∆t around the time t" [5].
Starting from the point that the ρ(t) can be averaged across trials to get the firing rate r(t), it
is possible to average the spike-count firing rate over trails obtaining a quantity defined average
firing rate [5]:

érê = énê
T

= 1
T

Ú T

0
éρ(τ)êdτ = 1

T

Ú T

0
r(t)dt (1.4)

Depending on the kind of the recording activity that one would do, this quantity, as well as the
spike-count rate, can be defined over any time period and not necessarily over the entire duration
of a trial.

In general, these figures of merit are used to study the neuronal flux coming from different
regions of the brain and to make a data analysis classification that can help to understand more
about brain and its deseases. But, before this operation can happen, there is the need of record
these signals from the brain.
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1.3 Recording methodologies
The process of recording informations from the brain can happen in different ways. A first classi-
fication for Brain Computer Interfaces (BCI) is the following one:

• non-invasive tecnhiques

• invasive tecnhiques

Non-invasive BCI have been object of research primarily in the lasts years. These methodologies
cause zero damages to the scalp or to the brain, but the recording operations are difficult because
the distance between the neurons and the recording site is huge.
For this reason, a significant number of people in the neuroscience community has been focused
on the study of invasive tecnhiques. In this case the recording operation can be performed close
to the neurons, inside the brain cortex or at dura mater level. In order to do that, it is important
to reduce the risks of implantation such as reduction of the cell lifespan or permanent damages to
the brain tissue. That can be done using different materials or designing implantable devices in a
such a way that they are flexible and small at the same time.
The Figure 1.5 shows the most popular methodologies in terms of spatial and temporal resolution.
As it can be seen, at the cost of being invasive, with Penetrating Microelectrodes and Electrocor-
ticography (ECoG) the highest spatial and temporal resolution is obtained.

Figure 1.5: Most popular technologies for brain recording [7]

Here a review of these tecnhologies in detail.
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1.3.1 Non-invasive BCI
These technologies can perform recording operation remotely, without the need of surgery or
anesthesia for the patient. On the other hand, the spatial resolution, that is the precision of the
measurement with respect to the space, is low. That means that a recorded neuronal activity is
the sum of multiple signals coming from different neurons, many of which are not interesting for
the analysis because they come from different brain regions: they are present as noise.

Electroencephalography (EEG)

EEG is the recording operation of huge amount of neurons spikes from the outside of the scalp.
The generated waveforms, coming from different regions of the brain, are related to the specific
brain activities of those regions. For example, there are waveforms representative of cognition load,
mind wondering, stimulation engagement and so on. To record this activity, some electrodes are
applied on the patient’s scalp as illustrated in Figure 1.6.

Figure 1.6: EEG recording system [8]

The biggest advantage of EEG is speed: neural activity can be recorded within fraction of a second
after a stimulus occurred [9]. That means that the temporal resolution of this technique is pretty
good. At the same time, the spatial resolution is lacking.
Typically, EEG signals are in the order of ten to hundred µV and they can be divided in five
different categories by using frequency as discriminant [2]:

• delta waves [0.5 − 4] Hz

• theta waves [4 − 7] Hz

• alpha waves [7 − 13] Hz

• beta waves [13 − 30] Hz

• gamma waves [30 − 100] Hz

The Figure 1.7 shows these waveforms.
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Figure 1.7: EEG signals [10]

EEG data are analyzed priorly to assess mental states, such as learning, resting or sleeping, and
neuronal activities of neurological disorder patients.

Magnetoencephalography (MEG)

MEG technique is another non-invasive methodology. Starting from Maxwell’s laws, the current
flow causes a magnetic field around the wire in which current is flowing; in the specific case the
wire is represented by neuron axon. The working principle is based on the recording of this mag-
netic response using high sensitive magnetic coils placed on the scalp. Superconducting quantum
interference devices (SQUID) are nowadays the most common magnetic sensors used, while the
spin exchange relaxation-free (SERF) magnetometer is under investigation for future machines.
The magnetic field that SQUID can record is around 10 − 14 T [2].
While other kind of measurement require the complete absence of subject movement during record-
ing, MEG measurement does not, so the patient can move his head within the MEG helmet: it
represents the best method to treat pediatric patients. Figure 1.8 shows MEG technology used to
record brain activity from a child.

Figure 1.8: MEG recording system on a child [11]

This tecnhology has lot of advantages in terms of high spatial and temporal resolution. Nevertheless
it is not widely used because of the cost and non-portability of the helmet with SQUID sensors [2].
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Magnetic Resonance Imaging (MRI)

MRI is a pretty new technology born about 20 years ago to catch neuronal signals from brain
activities non-invasively. The working principle is based on the resonance effect that blood flow and
oxigenation level have into the orientation and resonation to the direction of an applied magnetic
field [2].
To compensate the lack of spatial resolution there is the need to have a big magnetic field source:
this implies having big equipment for MRI that is expensive and big in dimensions as Figure 1.9
shows [2]:

Figure 1.9: MRI equipment [12]

Two kinds of MRI are commonly used for brain signal monitoring [2]:

• Functional Magnetic Resonance Imaging (fMRI)

• Diffusion Magnetic Resonance Imaging (dMRI)

fMRI is an indirect recording operation since it measures variations in blood flow when there is
an increase in brain activity. In other word, it is a type of particular brain scan with the purpose
to create a map of neural activity by imaging the variations in blood flow.
A limiting factor for fMRI is the low temporal resolution of the blood-oxigen level [13, 14]. More-
over, the measure is corrupted by noise from various sources, making statistical procedure to
extract the signal required.
The results can be represented by using different colors on the map, in correspondance of different
regions of the brain or by underlying different features on the specific studied region (for example
to put in evidence malfunctions or diseases). Overall, the activity can be localized to within mil-
limiters but, in terms of temporal resolution, no better than seconds. This is the biggest limit of
this technology [15].

dMRI is usually used to study connectivity of various brain sections; it exploits the contrast in
MRI images due to the diffusion of water molecules [2, 16, 17, 18]. So it maps the brain starting
from the diffusion process of molecules in vivo and non-invasively.
The Figure 1.10 shows two examples of brain mapping obtained with fMRI and dMRI.
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(a) (b)

Figure 1.10: MRI brain mapping examples: a) fMRI b) dMRI [19, 20]

MRI is adopted for human brain activity monitoring where invasive method are not necessary.
Unfortunately, the setup requires the patient to be lying down inside the equipment, thus this
technique is rarely used for real-life settings recording [2].

Computed Axial Tomography (CAT)

CAT (or CT) scan uses many combinations of X-rays measurements coming from different angles
to produce tomographic images of a specific area, as shown in Figure 1.11.

Figure 1.11: CAT acquision tecnhique [21]

X-ray pulses last only a fraction of a second, and it takes only a few seconds for the machine
to record the spatial distribution of each sample. It is the most common form of tomography
imaging technique used nowadays. With respect to MRI, it provides inferior informations when
one looks about headache to confirm a diagnosis of vascular diseases, cranial lesions or intracranial
pressure disorders. CAT scans may be used when hemorrhage, stroke, or traumatic brain injury
are suspected [22].

Positron Emission Tomography (PET)

This tecnhique can be considered a non-invasive one because there is not a direct surgical operation,
although it foresees the use of radioactive materials called radiotracers or radiopharmaceuticals, to
evaluate brain functionality. The imaging operation is provided by a special camera (similar to the
one used in MRI) and a computer. Particularly, the system is sensible to a gamma rays emitter,
commonly fluorine-18, that is introduced into the body [23] so that the computer can reconstruct
three dimensional images of tracer concentration.
In modern PET, three dimensional imaging is often obtained using X-ray scan executed on the
patient during the same session [23].
In Figure 1.12 is shown how the system works.
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Figure 1.12: PET acquision tecnhique [24]

The resolution is of a few millimetres in space, comparable with the MRI’s one. Even the temporal
resolution is more or less the same (except for fMRI that has better performance). Due to the tox-
icity of radiotracers, this tecnhique is generally used just in specific cases when MRI tecnhonology
does not provide satisfactory results (for example to identify brain cancer).

With the same operating principle, Single Photon Emission Computed Tomography (SPECT)
is similar to PET but it provides use of a radioisotope that does not release positrons.

Electrical Impedance Tomography (EIT)

EIT uses low-frequency sinusoidal signals injected through electrodes into the body. The system
is quick to respond to changes in electrical conductivity, so by measuring the resulting electrical
potential, it is possible to compute the resistivity of the region of the body subjected to the currents
[25]. In other words, it behaves like an imaging technique on conductivity/resistivity. Even though
EIT have been shown to work well in both geophysical and industrial settings, it has not yet gained
a significant enthusiasm in the medical imaging community [25].

Among newer non invasive technologies to record brain activities, near infrared (NIR) sensing
is promising [2, 26]. This technology utilizes the same working principle as fMRI, but aims to
measure blood flow through the scalp and skull with NIR transmitter-receiver system.
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1.3.2 Invasive BCI
Invasive BCI are those techniques used to record brain activity from the inside of the skull. Such
implantable medical devices often contain active elements connected to one or more electrodes to
record neural or to stimulate in a controlled way activities in brain [2, 27, 28]. By doing this, the
spatial resolution considerably improves, but, at the same time, the risk of permanent damages to
the tissue increases too.

Electrocorticography (ECoG)

One of the most famous invasive methodologies is the ECoG. Sometimes it is even called Intracra-
nial EEG for the reason that it is performed with electrodes placed at subdural layer [29]. In other
words, with EcoG tecnhique just the skull is bypassed by electrodes without compromising the
brain cortex, as Figure 1.13 shows.

Figure 1.13: ECoG acquision tecnhique [30]

Usually, ECoG electrodes are Platinum/Iridium (Pt/Ir) strips that are designed for small-period
use in humans [2]. Compared with non-invasive techniques, the electrodes of ECoG have the
advantage of being placed over or under the dura mater, in proximity of the cortex and inside the
skull, thereby the spatial resolution is bigger (at least than MEG and EEG) as well as temporal
one that increases considerably.
This technology is generally used to record neuronal activity in patients with particular brain
disease such as pre-surgical epilepsy: this allows to study ECoG results in human [31]. It can be
considered as the last invasive methodology that does not penetrate the cortex, even though it
penetrates the skull. However, since the implantation requires surgical procedures, there can be
complication such as traumatic operation, brain damages or the possibility of infection [2].
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Pentrating Microelectrodes

The highest spatial resolution of neuronal recording is achieved with implantable microelectrodes.
Theoretically, if the electrode site is small enough, this kind of technique could allow to record
neuronal activity from one single neuron. It is what is called single unit activity (SUA) in contrap-
position with multi unit activity (MUA) that is the recording operation from multiple neurons [2].
As a consequence, two different types of recording operations can be distinguished:

• Single unit recording

Glass micropipettes The tip of the pipette is very small, from 0.5 − 1.5 µm. A Silver-
Silver Chloride (Ag-AgCl) electrode is inserted from one side of the pipette (the bigger) as
an electrical terminal and it is sourrounded by a ionic solution to make conductivity. Ideally
the concentration inside the electrode and surrounding fluid should be the same, thus a
Potassium Chloride (KCl) solution is used [32].
The operating principle is based on the penetration of the cell membrane with minimal
damage thanks to the small size of the tip. At this point a current starts to flow between
the liquid at the junction and the inside of the pipette, establishing a closed circuit between
the cell and Ag-AgCl electrode, allowing the measurement operation. There are some issues
to consider when a glass micropipette has to be used. The biggest is the high capacitance
contribute that develops across the glass and the solution: it can result in attenuation of
high frequency response [32].
Figure 1.14 shows a glass micropipette.

Figure 1.14: Glass micropipette [33]

Metal microelectrodes This kind of electrodes are build using different types of metals
(typically Platinum or Tungsten) and they are more suitable for extracellular measurement.
Metal electrodes are better even in some other cases because they show high Signal to Noise
Ratio (SNR) thanks to the lower impedance at interest frequency. They also present better
mechanical properties for penetration through brain tissue and, not less important, they are
more easily manufactured into different tip shapes and sizes with respect to the glass ones.
The only limitation is that the tips are very fragile [32].
In Figure 1.15 is reported the structure of a metal microelectrode.

Figure 1.15: Metal microelectrode [34]
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• Multi unit recording

Multiple Electrode Array (MEA) This is the name given to those systems used to
record activity from more than one single neuron using multiple electrodes. There are three
main categories of implantable MEA for in-vivo experiments: microwire, silicon-based, and
flexible microelectrode arrays [35, 36]. Microwires are usually made of stainless steel or
tungsten and they have been developed to perform sensing or stimulation [36, 2]. For what
concern silicon-based electrodes, they exists in two different models: Michigan and Utah
arrays. The differences between these two are mainly to be found in the positioning of the
recording sites: if Michigan has electrodes all along the length of the shank, Utah allows
electrodes only at the tip of the probe. Moreover, Utah arrays are manufactured with fixed
dimensions while the Michigan ones are free from design constraints [36]. Lastly, flexible
arrays, made with different polymers solutions (such as Parylene or polymide), which focus
on reducing brain damages due to excessive stiffness of the probe. In Figure 1.16 some real
examples are reported.

(a) (b)

(c) (d)

Figure 1.16: a) Utah array, b) Michigan array, c) Microwire, d) flexible probe [37, 38, 39, 40]

The implantable devices presented so far represent the state of the art of highly invasive tech-
niques used to record neuronal activity with high spatial and temporal resolution. The history of
multi-electrode cortical probe begins in 1966 at Stanford University where the electrode, an area
of exposed metal, was sourrounded by inorganic dielectrics as electrical insulation [2]. But it has
been difficult to produce such electrodes until the microelectromechanical systems (MEMS) tech-
nology was developed along with nano and micro fabrication techniques [2]. Since then, much has
changed and technology has today reached such experience as to be able to mix all these techniques
to create implantable devices that can combine flexibility, strength and small dimensions at the
same time. The following shows the result of this process in the fabrication of the implantable
probes used for this thesis work.
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1.4 Steeltrodes and polymer probes for in-vivo recording
Silicon micro and nano fabrication processes are very well developed, allowing to realize easily
probes on this platform. But, at the same time, silicon suffers some problems whenever implanted
in the brain cortex. First of all, mechanical limitations, such as brittleness and fragility, make
implantation operations difficult. This makes this type of platform more suitable for implantation
in rodents rather than more in human-like animals, such as monkeys: the small brain size allows
to make shorter probes less susceptible of mechanical failures.
A second aspect is related to the stiffness of the silicon that causes more damages to the tissue
because of the brain micromotions.
Assuming that a probe can be modeled as fixed at the base, or back-end, and pinned at the tip
[39], the buckling force in the beam, that identifies the probe itself, can be computed using the
Euler’s formula [41]:

Pcr = π2Eωt3

5.88L2 (1.5)

where E is the elastic modulus, ω is the width of the beam, t the thickness and L its lenght.
It has been demonstrated that buckling force of 1 mN is the threshold to penetrate rat cortex
without any insertion aids [42]. Threshold required to penetrate cortex through dura and pia
mater is one order of magnitude bigger [43]. To respect these constraints, some new materials
have been investigated with the focus on biocompatibility and flexural strenght at the same time.
Stainless steel offers these properties and, in addition, it exhibits an endurance limit, a long life
cycle and inexpensiveness [44, 45]. However, microfabrication process in stainless steel is not
developed as the silicon one, resulting in a mostly unexplored material from this point of view [46].
Another material with similar features, commonly used in biomedical devices, is Parylene C. Probes
used in this thesis work takes advantage of the combinations of these two materials in two different
microfabrication process configurations [46]:

• steeltrodes monolithically fabricated on stainless steel;

• polymer probes affixed to stainless steel shuttle post fabrication;

In the first case, taking advantages of the high throughtput method for realizing planar probes, the
device is completely microfabricated on a stainless steel substrate [46]. In order to do that, Silane
A174 is used to increase the adhesion with the thin layer of Parylene C at the very beginning of
the process [46].
In the second case, instead of using a stainless steel wafer, a classical silicon one is adopted.
Moreover, there is no adhesion promoter meaning that, at the end of the process, the probe will
be released from the substrate by itself.
Thanks to the extreme flexibility of this kind of the devices, one can potentially record neuronal
activity for long time intervals without causing significant damage to the brain: the probe moves
synchronized with brain micromotions limiting lacerations in the surrounding tissue. The issue is
that flexible polymer probes do not have the mechanical strenght required for brain penetration
(even without considering dura mater). For this reason, at the end of the fabrication process,
another step is needed to mount the probe with a stiff shuttle, like a 3D stainless steel one. The
connection can be performed using bioresorbable adhesive materials such as Polyethylene Glycol
(PEG) [39, 46]: after the implantation it dissolves into the brain allowing the shuttle removal and
the releasing of the flexible probe.
Another way to handle this issue is to use coatings that increse stiffness of the probe for a certain
period of time before the insertion. Common coatings used for this purpose are gelatine, silk,
saccharose, table sugar and maltose [39].
In any case, using this methodology one needs to take care of the increase of flexible probes cross-
section, thereby avoiding enlarging of the insertion section in the brain.
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The fabrication process is pretty straithforward and it is the same for the two configurations.
It is summarized here [46]:

• Parylene C deposition by Chemical Vapor Deposition (CVD);

• Platinum/Gold interconnects and electrodes deposition and patterning;

• Parylene C deposition (second layer);

• Chromium hardmask deposition and patterning;

• etching of electrodes opening and probe outlines;

• Chromium hardmask removal;

• laser cutting for probes release 1.

Since the process is the same for both the configurations, it has been used the same mask design.
The Figure 1.17 shows the process flow for the two configurations [46].

(a)

(b)

Figure 1.17: Fabrication process: a) steeltrode, b) flexible polymer probe [46]

The result of this process are probes consisting of 1 − 7 cm long shanks, [260 − 360] µm large, with
electrodes in different arrangements [43]. As illustrated in Figure 1.18, each steeltrode has three
different layer. On the bottom there is the stainless steel substrate that gives elasticity and strength
at the same time. The second layer is the first Parylene C together with the interconnections and
the electrodes for the neuronal recording. Finally, there is the second Parylene C working as
insulator that covers the interconnections. Obviously the electrodes sites are left uncovered for the
recording operation, even though some test probes, with Parylene C covering all the surface, have

1This step is performed for the steeltrodes only.
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been developed to test the goodness of the insulator. The picture shows details of the tip of the
probe as well as the back-end for the electrical interfacing.

Figure 1.18: Implemented steeltrode for neuronal recording

As already mentioned, polymer probes do not have the substrate in stainless steel that make the
whole structure more rigid. The result is a flexible two layers probe as shown in Figure 1.19.

Figure 1.19: Implemented polymer probe for neuronal recording

Regardless of the probe type, but based on electrodes disposition, the probes can be classified
into two other categories:

• high density tip;

• high density shank;

The first group includes those devices for which the electrodes are placed just at the tip of the
probe, creating a high density of electrodes in that area. At the contrary, in the second case, the
electrodes are disposed all along the probe, in such a way that the distance between two consecutive
ones is bigger.
Even though many different probes have been implemented, this thesis work is mostly focused on
packaging and characterization of the high density configurations with 16 and 30 channels.
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Chapter 2

Post-fabrication improvements

After probes fabrication, several aspects need to be investigated in order to make the device free to
be used in recording operations. As already mentioned, one of the materials used for the fabrication
is stainless steel because it provides refined rigidity and robustness. Nonetheless, it risks turning
into serious damage to neuronal tissue if not treated correctly. The main point is that the laser
cutting around the perimeter of the probe leaves bumps and burrs along the edges that scratch
significantly the tissue during the implantation and afterwards, due to the brain micromotions. In
Figure 2.1 is shown one steeltrode with wrinkly sidewalls after being released from the stainless
steel wafer.

150 µm

Figure 2.1: Steeltrode after wafer release

In addition to what already said, having a shank completely realized in stainless steel might rep-
resent a limit for long term neuronal recording. Indeed, when the electrodes are displaced just on
the tip of the probe and the section inside the brain is small with respect to the section outside, the
entire rigidity of the structure is no longer an advantage, but becomes a cause of strong mechanical
stress. These two motivations make post-fabrication operations necessary to improve the physical
quality of the probe.
The methodologies used in literature to refine biomedical devices are mostly in the field of electro-
chemical processing because of the small dimension and the fragility of those devices. For example,
electropolishing (EP) is the most used technique to improve the quality of the stainless steel for
endovascular stents as well as orthopedic or dental applications [47, 48]. In this thesis work this
process has been adapted to the particular case of smaller devices such as implantable high density
probes that require special care for the presence of insulating materials, recording sites and traces.
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2.1 Polishing/etching process
For probe polishing has to be intended the process for which the roughness of the stainless steel
surface is reduced after an electrochemical finish performed under certain conditions. The proce-
dure foresees to use a voltage/current signal between two electrodes immersed in a temperature-
controlled bath of acid solution. The sample (i.e. the probe) is the anode of the system, whereas
the cathode is generally another metal-based electrode. When the current starts to flow between
the two electrodes, the metal of the workpiece begins to dissolve into the electrolyte while at the
anode an opposite reduction reaction occurs, producing hydrogen.
Even though the working principle of electropolishing has not been fully determined yet, it can
be explained recurring to the differential dissolution that occurs when charges flow into the metal.
What happens during this process is that an oxidation layer that covers the valleys of the surface is
formed, protecting those regions [49]. At the contrary, the peaks of the surface, remain uncovered
and, thanks to the high resistivity of those regions, they dissolve faster inside the solution. So,
in the end, the peaks dissolves more quickly than the valleys: as a result the surface in the end
is smoother. The Figure 2.2 shows the experimental setup and the mechanism for which the EP
process works.

Cathode

Sample

Electrolyte 

Start

Finish

Dissolved metal ions

Hydrogen bubbles

Power supply

Oxidation layer

Oxigen bubbles

Metal ions

Figure 2.2: EP process [50]

The parameters that can be tuned to control the process are the following ones:

1. voltage/current parameters;

2. solution composition;

3. distance between the electrodes;

4. electrolyte temperature;

5. stirring speed;

6. time of the process;

For voltage/current parameters it is intended to decide whether to control the process by fixing
the current or the voltage, as well as to define whether this must be alternate (AC) or continuous
(DC). It has been chosen to impose the voltage or the current each time depending of the particular
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type of the experiment and obtained results, in terms of process uniformity. Moreover, in order to
decide which values to choose, a voltage-current characteristic has been plotted after some trials
on real samples (the electrolyte for the experiment was a mixture of Phosphoric and Sulphuric
acids). It is reported in Figure 2.3 together with a fundamental voltage-current density curve for
electropolishing [51]. The latter shows different regions for which the process can be conducted
depending on the aimed result. In B-C region the dissolution of the material is instable, in C-D
there is the plateau that allows to conduct a more uniform polishing procedure and in D-E there
is a high probability of getting pitting holes [52].

(a) (b)

Figure 2.3: a) Fundamental voltage-current density electropolishing curve [51], b) Voltage-current
characteristic of fabricated steeltrodes in phosporic-sulphuric acid mixture

As highlighted by the characteristic, the best voltage values for a good EP process are in the range
4 − 6 V because of the plateau.

A second important aspect is related to the choice of good chemicals for the electrolyte solution.
At the state of the art, many research projects suggest to use the following:

• Oxalic acid in deionized (DI) water;

• Phosphoric acid and Sulphuric acid mixture;

The second one is actually the most widely adopted solution to perform EP on stainless still because
the high viscosity helps the formation of the oxidation film around the specimen. However, this
combination of acids is particularly aggressive and might damage the Parylene C above the stainless
steel. For this reason Oxalic acid, which is less aggressive, has been used as well. As it will be
explained better further in the discussion, a multi-step EP process with both the two solutions has
been performed too.
All other parameters are secondary factors that can be varied from trial to trial to improve the
process. Thus, the distance between the electrodes and the stirring speed of the solution are
generally combined with the ability to maintain a good oxidation layer on the probe surface and
to quickly remove the dissolved metal ions, while the temperature of the solution and the time are
mainly related to the speed of the process. In particular, moving among different trials, it was
proved that the time of the experiment is the most important parameter to get a smooth surface
without damaging the device.
In order to provide a quantitative analysis of the surface roughness before and after the process,
rms parameter is used. It is the root mean square average of the height deviations from the main
line, recorded within the evaluation length; it is expressed as follow [53]:

rms =
ò

1
n

nØ
i=1

y2
i (2.1)
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where n is the number of points equally spaced along the trace and yi is, for each of the ith data
point, the distance along the y axis with respect to the mean value [53]. This value can be evaluated
for each sample using an optical profilometer that uses light interference to measure the deviance
of each peak or valley on the surface.

As mentioned in the introduction to this chapter, another goal is to reduce the mechanical
stress to whom brain tissue is subjected when a steeltrode is implanted for long term recording
operations. One possibility is to create hybrid flexible-rigid probes that can float inside the brain
after the insertion. The hybrid structure is realized using electroetching process for the removal of
the stainless steel below the Parylene C in just one section of the shank. The electroetching process
is basically the same electropolishing process conducted for a longer interval of time so that the
metal is not only polished, but completely removed. For this reason, the main difference between
the two consists of a different process time, which becomes again the most important parameter
to get the wanted result.

2.1.1 Oxalic acid in DI water EP
Oxalic acid (H2C2O4) is an organic compound that appears as a white crystalline solid soluble in
water with a moderate aggression strength. His use for electrochemical processing of mechanical
specimens of stainless steel is well known since many years [54]. On the contrary, the localized use
for small biomedical devices it is quite new and promising. Its strengths are related to the fact
that, not falling into the category of super dangerous chemical reagents, it does not require the
use of an acid desk, it is safe to be used in a laboratory environment and it does not present too
critical corrosion features that can damage the probes.
The concentration chosen for the EP experiments is of 3% by weight in DI water, so that a
total amount of 500 mL of solution requires 15 g of compound [55]. The acid is dissolved in the
water using a rotating hot plate in order to control the temperature and the stirring speed of the
solution. For all the carried out experiments, the temperature of the solution has been kept fixed
around 37 ◦C to avoid non-linear variations of the polishing procedure, while the stirring speed of
the solution was set at 300 rpm to maintain a good compromise between recirculation and level
maintenance into the beaker (and then avoid spills).
The cathode electrode used is a stainless steel one, but platinum or copper can be used as well.
For what concern the voltage/current parameters, the experiments have been conducted in these
domains:

• DC polishing;

• AC polishing;

• two steps process: AC+DC polishing;

DC polishing

In the DC domain it has been noticed that the first polished samples showed better results with an
imposed current. Altough the V-I characteristic for Phosphoric acid and Sulphuric acid mixture
exhibits that the plateau occurs for very small current values, the procedure for Oxalic acid has
been carried out for bigger currents (0.2 A) to engrave a first and quick finishing improvement to
the impurities of the stainless steel surface.
Then the experiment has been conducted over time and the edge of the steeltrode was observed
under microscope. The Figure 2.4 reports one probe sidewall for different polishing times.
As can be seen in 2.4(a), the side of the probe at the beginning presents rather obvious irregular-
ities in the form of roughness peaks and valleys not convents to an implantable device. Moreover,
the surface also appears oxidized and the metal melted in some points due to the high tempera-
tures reached during the laser cutting procedure: the scratching effect could be dangerous for the
sourrounding brain cells. The EP process improves the roughness over time as can be qualitatively
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observed in 2.4(b), 2.4(c) and 2.4(d).
If the process lasts too much the stainless steel substrate starts to decrease in size on the edges.
That implies to leave the Parylene C floating on the edges, with the risk that some channels break
during the insertion. Hence this condition has to be avoided. After several experiments, it has
been found that the perfect interval of time to get a good result without reducing the section of
the probe too much is 2 − 6 minutes, depending on initial size of the probe that can vary between
260 µm and 360 µm. Most of the time 3 minutes is a good compromise.

(a) (b)

(c) (d)

Figure 2.4: Probe sidewall for different polishing times: a) no polishing, b) 1 min, c) 1.5 min,
d) more than 2 min

In order to get a more defined and detailed image of the stainless steel roughness, a Scanning
Electron Microscope (SEM) can be used. In Figure 2.5 are reported the sidewall scans before the
polishing procedure and the obtained result after the polishing.

(a) (b)

Figure 2.5: SEM of probe sidewall: a) before polishing, b) after 2 minutes of polishing

As can be noticed, the big peaks of the unpolished section are removed after the polishing together
with the bumps on the bottom corner (on the top the Parylene covers the stainless steel so the
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2. Post-fabrication improvements

results are less evident). However, some smaller but denser roughness contributes are introduced
after the process. In a certain way it can be said that this process substitutes low frequency and
high amplitude roughness with high frequency and low amplitude roughness. This represents a
good result in itself because it results in a much smoother surface that causes less damages to
the tissue. Anyhow, the quantitative analysis of roughness parameters will show substantially no-
improvements because peaks are still present and their smaller amplitude will be averaged over a
smaller mean value.

Another characteristic of this procedure is the capability of being an optimal deburring pro-
cess. As can be seen from Figure 2.6, the border protusions indicated with the white arrows are
completely gone after the EP, even with a low-time process. That happens because the burrs
extend far beyond the stainless steel surface compared to the normal roughness peaks and, as a
consequence, far beyond the oxidation layer. Thus, the effect of polishing is faster.

(a) (b)

Figure 2.6: Deburring effect: a) burrs on the border of the stainless steel substrate, b) result after
the polishing

Finally, DC polishing has an effect even on the shape of the probe tip. As mentioned above, if
the process is long enough to ensure a good roughness improvement it can also model the square
corners until turning them into a curved shape. Hence the sharp tip becomes rounded as shown
in the different pictures of Figure 2.7.

(a) (b)

(c) (d)

Figure 2.7: Probe tip improvements: a) unpolished tip, b-c) polished tip, d) SEM of polished tip
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It has been calculated that the radius of curvature of the probe passes from a few micrometres to
more than 30 µm after an EP of 4 minutes. Obviously, the limit of this procedure is that, at some
point, the stainless steel will be completely removed if the polishing lasts too much, therefore the
procedure still has a constraint in the processing time.

AC polishing

In the same way, some experiments have been conducted in AC domain for different intervals of
time. The big difference with respect to the DC is that here more parameters can be tuned in
addition to the ones already mentioned: frequency and duty cycle of the applied signal are the
most important ones. Furthermore, it can be chosen to impose a certain offset in such a way that
the signal is completely positive or both positive and negative.
The main point is that stainless steel, as well as titanium or nickel, are very strong passivating
metals for which the probability to get a pitting surface is very high in continued EP. This is the
reason why high viscosity electrolyte solution is always preferrable in these cases. However, some
research works have proved that an AC pulse-pulse signal can be applied to obtain good results
even in aqueous environments [56]. The process improves the quality of the polished surface using
the pulse/pulse technique presented in Figure 2.8.

Off time

Anodic (+)

Cathodic (-)

Anodic pulse tuned to:

-enhance mass transfer;

-control current distribution;

Cathodic pulse tuned to:

-depassivate the surface;

Time

Positive pulse time

Negative pulse time

Figure 2.8: AC waveform for EP [56]

As from the figure, the positive pulse enhances mass transport and controls the polishing process
on the roughness peaks. On the contrary, the negative one has the task to depassivate the surface
and thereby making useless the need of a viscous solution. During this phase the oxide film is
removed and a new one will form as soon as the next positive pulse arrives. Moreover, an off time
may be useful to get solution replacement in the proximity of the surface.
The Table 2.1 reports the most relevant experiments conducted.
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Amplitude [Vpp] Frequency [Hz] Offset [V ] Duty Cycle [%] Time [min]
6 [1 − 100] 0 30 2
6 [1 − 100] 3 50 6
4 [1 − 100] 0 30 2
4 [1 − 100] 2 60 6

Table 2.1: Most relevant experiments conducted in Oxalic acid by varying the voltage parameters
and the EP time

Altough different tests have been carried out with different polishing times and different AC signal
parameters, the desired results have not been obtained on Oxalic acid. The Figure 2.9 reports the
probe sidewall for two different conditions (with or without offset). For summary reasons, not all
the results are shown.

(a) (b)

Figure 2.9: AC EP results for two different samples: a) opaque spots on the sidewall (with an
applied offset), b) interface between the polished and unpolished sections (with no offset) from the
backside of the probe

As can be seen, in both cases the surface is not smooth enough and, in addition, the roughness
seems increased after the polishing process, in particular in the case 2.9(b) (in which no offset
means both positive and negative pulses). That could be an effect of the Oxalic acid itself, which
is probably not the best kind of compound for this process. In fact, as the research work suggests,
sodium chloride-sodium nitrate electrolyte is preferrable for stainless steel polishing [56].

AC+DC polishing

As a third experiment, it has been chosen to carry on some trials on mixed AC-DC environment.
Since it has been proved that AC provides the worst result, the process is developed following this
order:

1. AC polishing;

2. DC polishing;

The current/voltage parameters used are those that allowed to obtain the best results in the
previous tests. They are resumed in Table 2.2.

Amplitude Frequency [Hz] Offset [V ] Duty Cycle [%] Time [min]

AC 6 Vpp 1 3 30 2
4 Vpp 1 2 60 6

DC 0.3 A − − − 2
0.2 A − − − 3

Table 2.2: Most relevant experiments conducted in AC-DC domains
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The AC polishing process has been conducted only for positive voltage signals, seen and considered
that those for zero offset, and hence positive and negative pulses, did not result in improvements
of surface roughness.
As as result, once again the sidewall of the probes have been analyzed before and after the process,
as illustrated in Figure 2.10.

50 µm

(a)

50 µm

(b)

Figure 2.10: AC+DC EP result a) probe sidewall before the process, b) sidewall after the process

In this case the sidewalls appear smoother. All the low frequency peaks are gone as well as the burrs
on the edges. At the same time, a high frequency roughess component is still present, similarly
to what was observed in DC polishing. Hence, since the results for these two are very similar, it
can be said that DC polishing is better because it allows to obtain the same result with a shorter
process time, reducing the probability of damages to the probe interconnections or insulator.

2.1.2 Phosphoric acid and Sulphuric acid mixture EP
As from literature on EP of biomedical devices, Phosphoric acid (H3PO4) and Sulphuric acid
(H2SO4) are two of the most used compounds for stainless steel processing [49, 57, 58]. Their
main features are related to the slow and uniform dissolution that they are able to guarantee, as
well as the limitation of oxidation or corrosition effects [57]. Unluckily, the extremely aggressive
behavior of these acids can affect the probe functionality in some cases. Anyhow, during all the
experiments carried out, none of the probes used showed qualitative differences compared to before
processing.
The solution was made using 75% of Phosphoric acid and 25% of Sulphuric acid by weight. No
additive heat has been used during the process to increase the rate of the polishing, so everything
has been carried out at room temperature. The distance between the electrodes is the same of
the previous configuration, 1 cm, as well as the stirring speed of the solution, fixed at 300 rpm.
Finally, for the voltage/current parameters it has been chosen to run the experiments only in the
two following conditions, since it has been observed that the AC+DC trial provides similar results
of DC polishing:

• DC polishing;

• AC polishing;

DC polishing

The same current parameters used in the processes on Oxalic acid have been used in this config-
uration. Thus, a 0.2 − 0.3 A DC currrent has been imposed using a sourcemeter. The process
has been repeated for many samples changing the processing time for each of them. After many
tests it was observed that the polishing rate is much slower compared to the Oxalic acid one.
For example, under 20 minutes of processing just some irregularities on the surface are removed,
whereas the majority of them remains unpolished. For this reason, the process needs to be carried
on for at least 25 − 30 minutes. The Figure 2.11 reports two samples of 30 minutes processing
in the unpolished/polished versions. As can be seen the grain of the irregularities on the probe
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sidewall is different for the two devices, large for the first one and finer for the second one. As
already mentioned, the starting condition of the surface depends on the quality of the stainless
steel wafer (that can be different for two probes if they come from different wafers) and on quality
of the laser cutting process (that varies depending on many machining factors).

50 µm

(a)

50 µm

(b)

50 µm

(c)

50 µm

(d)

Figure 2.11: Phosphoric acid + sulphuric acid EP: a) unpolished probe sidewall (large grain),
b) polished probe sidewall (fine grain), c) unpolished probe sidewall (fine grain), d) polished probe
(fine grain)

Even though the process is exploited for a long time, no significant variations are highlighted in
terms of low frequency roughness. Indeed, all the big peaks are present even after the process. On
the contrary, the probe is polished in high frequency domain, as one can see from the the increased
brighteness on the surface in correspondence to the valleys.
These preliminary and only qualitative analysis are confirmed by the roughness measurements
performed with an optical profilometer (Zygo). The Figure 2.12 reports the 3D scans of the
surface for the unpolished and polished large grain probe.

(a) (b)

Figure 2.12: Phosphoric acid + sulphuric acid 3D scan profile: a) unpolished probe sidewall, b)
polished probe sidewall
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One can notice from the pictures how the high frequency peaks are mostly gone, while the low
frequency ones (so the wavy shape of the surface itself) is still present. The rms analysis gives
a value of 0.68 µm for the polished section compared to 0.8 µm for the unpolished one, with an
improvement of around 14%.

An interesting consequence of this experiment is shown in Figure 2.13 that reports a zoom
image of the polished probe sidewall.

Figure 2.13: Bubbles after long time EP process

Some concave bubbles, indicated by the red arrows, form all along the polished surface after the
process. The reason behind this undesiderable effect could be related either to a too high current
signal amplitude, as suggested by literature works [59], or it could be a problem related to a
too long EP process. This effect is clearly the so called pitting holes effect that should appear
only for very high voltages; therefore, in order to demonstrate that this was an amplitude-related
consequence, it has been chosen to decrease the current in order to have very low voltages (lower
than the one required to get the plateau region): the result shows that bubbles are still present. On
the contrary, for small EP time a smaller number of bubbles manifests, even if at those conditions
the polishing process is not good enough.

AC polishing

The AC polishing has been conducted on the same voltage conditions of the Oxalic acid case with
different polishing times; they are reported in Table 2.3.

Amplitude [Vpp] Frequency [Hz] Offset [V ] Duty Cycle [%] Time [min]
6 [1 − 100] 0 30 30
6 [1 − 100] 3 50 30
4 [1 − 100] 0 30 30
4 [1 − 100] 2 60 30

Table 2.3: Most relevant experiments conducted in Phosphoric and Sulphuric acid mixture by
varying the voltage parameters and the EP time

The result are pretty much the same of the previous configuration so, for summary reasons, they
are not shown again. The only difference with respect to the DC polishing is that more bubbles
have been created during this process for higher voltage amplitudes. That means that, once again,
DC polishing is the best choice for our purposes.
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2.1.3 Two steps EP
The final experiment that it has been decided to perform is the two steps EP. As from the previous
sections, it has been found that the DC polishing is the best choice for both Oxalic acid and
Phosphoric/Sulphuric acids mixture. In particular it has been observed that the first one has
better performance in low frequency roughness removal, whereas the second one in high frequency
roughness improvements. For this reasons, the two of them can be used one after the other to
achieve smoother surfaces, with this order:

1. Oxalic acid EP to remove low frequency roughness components;

2. Phosphoric acid + Suplhuric acid mixture to remove high frequency roughness components.

The parameters for the processes are reported in the Table 2.4 below:

Amplitude [A] Time [min]

H2C2O4
0.2 A 4 − 5
0.3 A 2 − 3

H3P O4 + H2SO4
0.2 A 30
0.3 A 25

Table 2.4: Process parameters for two steps EP

Many probes substrates have been polished with this technique and the obtained results are similar
for all of them. In Figure 2.14 is reported one case. As for the other experiments, the probe sidewall
is shown before and after the polishing procedure, including SEM pictures.

50 µm

(a)

50 µm

(b)

(c) (d)

Figure 2.14: Two steps EP: a) unpolished probe sidewall, b) polished probe sidewall c) SEM of
unpolished probe sidewall, d) SEM of polished probe sidewall

As can be seen, the stainless steel appears smoother after the process both for what concern high
frequency and low frequency roughness contributes. This is particular evident by looking at the
SEM picture in 2.14(d). However, as already mentioned, some bubbles are introduced during the
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second step polishing that must be performed to improve high frequency roughness. This does not
represent a big issue because these bubbles are mostly concave, so they cannot scratch too much
the brain tissue. Anyhow, the procedure needs some optimizations to avoid the bubbles formation
and provide a completely flat surface.
The profilometer analysis gives the 3D surface scan pictures reported in Figure 2.15.

(a) (b)

Figure 2.15: Two steps polishing 3D scan profile: a) unpolished probe sidewall, b) polished probe
sidewall

As one can see the considerations done are valid: the roughness is reduced for both high and low
frequency contributes even though some valleys are introduced because of the bubbles phenomenon.
Quantitatively, it has been measured an improvement of rms around 45%.

2.1.4 Wet etching on steeltrodes
The last step of post-fabrication processing is related to the realization of hybrid rigid-flexible
probes for in-vivo implantantion to improve probes non-invasiveness.
As already mentioned, the biggest problem of such stiff devices is the fact that they are not free
to move synchronized with the brain micromotions. As a result, the sourrounding tissue can be
truly damaged during long term neuronal recording.
The same technique introduced to make smooth surfaces can be adopted here to remove a stainless
steel section and release the Parylene above the substrate, like in a flexible probe. In this way,
the probe can be easily implanted without the use of external shuttles because the tip is still rigid
enough and, at the same time, it can float inside the brain without the constraints of a completely
stiff design. Since with this procedure one aims to remove completely the metal below the polymer,
the technique is called Electroetching (EE) and it is different with respect to EP only because the
processing time is bigger. Indeed, since the substrate has to be removed completely, the process
needs to be carried on until the two polished edges on the sides join each other in the middle of the
shank: the difficulties of this procedure are related to the capability of maintaining uniformity so
that the etching starts from the bottom and then reaches the top. Only in this case it is ensured
always an electrical connection between the cathode and the anode so that the process can go on.
On the contrary, if, for some reasons, the connection is lost on the top before the metal on the
bottom is completely etched, the process stops by itself and the result is not achieved. In order to
mantain this uniformity it has been chosen to use a micromanipulator along the z axis to slowly
move down the probe in the electrolyte solution, 2 − 3 mm for each step of the process. Moreover,
there is the need to protect the bottom section of the probe (i.e. the tip) in which the stainless
steel substrate must remain intact. For this purpose crystal bond has been adopted. Once the
process is concluded the latter can be removed in Acetone.
The electrolyte solution used for this process is composed by 3% Oxalic acid in DI water by weight,
since the aggressivity of this chemical composition is small compared to other chemicals. The pro-
cess has been carried out in DC domain with a current of 0.2 A to keep the etching process slow.
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The Figure 2.16 reports the obtained result.

(a) (b)

150 µm

(c)

0.5 cm

(d)

Figure 2.16: EE on steeltrode: a-b) hybrid probe after the process, c-d) particular of the interface
between the flexible and rigid sections

As shown in 2.16(a) and 2.16(b), the released section can be obtained gaining in flexibility without
damaging the rest of the probe. Moreover, by using the micromanipulator, that section can be
extended up to some centimeters, depending on the specific probe application. The interface
between the stiff region and the flexible polymer is reported in the 2.16(c) and 2.16(d): as can be
observed, no residues of stainless stell remain under the Parylene so that no other damages to the
Parylene or to metal traces are caused during implantation.
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Chapter 3

Packaging

Packaging is the key operation required to interface the probe with an electrical setup that allows
to collect recorded data. At the same time, it is the design and production of an enclosure for the
probe back-end which has to protect from mechanical stress and other environment variables.
Designed flexible Printed Circuit Boards (PCB) have been used as a back-end extension to interface
the probe with the electrical equipment. They aim to physically isolate the fragile probe back-
end, thus reducing mechanical stress and damage probability. At the same time, the electrical
connection is established so that the recording operation or the electrical characterization can be
performed easily.
The connection between the probe and the flexible PCB can be obtained through:

• Flip-chip bonding;

• Zero Insertion Force (ZIF). connectors;

Among packaging techniques, flip-chip bonding is one of the most known methodologies. It rep-
resents a valide alternative to wire bonding because it allows to reduce back-end dimensions,
resulting in robust layouts without introducing critical issues such as fragility of the interconnec-
tions or tricky procedures. However, depending on the particular device features, it is not always
the fastest technique that can be adopted: it can make the device packaging procedure in series
too long.
For this reason, a custom packaging technique using ZIF connectors has been developed and used
as well.

3.1 Flip-chip bonding
Wire bonding is the most used technique for chip level interconnects, but it introduces some crit-
ical issues when it has to be adopted for medical devices applications, such as fragility and long
time procedures for each device. It foresees the use of a thin metal wire, generally in gold or alu-
minum, that connects the chip pads to the substrate. For this reason, the result is a pheripherical
interconnection, which means, in the specific case of implantable probes, increasing the area of
the electrical back-end. Another problem of wire bonding is the introduction of high electrical
parasitics, resulting in poor electrical performance, that is the most important aspect to take care
of in case of small electrodes for neuronal recording.
Flip-chip bonding, on the contrary, does not present these issues and, furthermore, has advantages
over other packaging methods in terms of reliability, flexibility and cost. Anyhow, the major advan-
tage of this technique remains the possibility to use the whole chip surface when interconnecting,
following an approach called "area array bonding" [60]. A common property of this bonding is
that the chip (i.e. the probe back-end) is flipped facing down to the substrate (i.e. the flexible
PCB) and the connection between the two of them is made using bumps of electrically conducting
material. In order, these are the main process steps for a conventional flip-chip bonding procedure:
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1. bumps placing on the chip surface;

2. chip flipping and alignement procedure;

3. bonding condition application.

In Figure 3.1 this process flow is reported .

Bumps

Chip Substrate

Pads

Chip

Substrate

Chip

Substrate

Bonding conditions

1.

2. 3.

Figure 3.1: Flip-chip bonding technique [61]

Flip-chip assemblies are commonly classified by the type of bumping, method of attachment
and processes used [62]. A first classification can be made in terms of bonding conditions [63]:

• Flip-chip process by solder reflow As the name suggest, in this process the bumps are
soldered directly on one of the two surfaces, generally the one that will be facing down.
Sometimes, for small die, solder can be deposited using electroplating technique as well as
solder ink jet or solid solder deposition [63]. After the alignment, reflow of the bumps allows
to create the joints. Since the exposed connections are most of the times very fragile, underfill
material is forced to fill the empty space between the two surfaces. In the end, this material
is cured with heat. Since joint fixing operations is most of the time impossible after the
underfill process, the testing operation must be performed before it [63].

• Flip-chip joining by thermocompression In thermocompression bonding process, the
connection between bumps and pads is performed by using force and heat. The process
requires that gold bumps are placed on one of the two surfaces. Thus, after the alignment,
a uniformly pressure is applied at a certain temperature (the latter is generally applied with
a gradient). Since the process requires high bonding force and temperature, the process is
limited to robust substrates such as metals or silicon [63].

• Flip-chip thermosonic joining In order to speed up the thermocompression process, ul-
trasonic power can be applied. The energy is transferred from the tool to the bonding area
through the back surface of the chip. Thus, the energy introduced, slowly deforms the bumps
and help the join process. Since the latter is speeded up with the ultrasounds, there is no
need to keep the temperature as high as the previous case, making this process more suitable
for low temperature applications. On the other hand, silicon or similar materials can crack
under the application of excessive ultrasounds [63].
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All the previous described techniques are valide candidates to be used in a packaging process for
implantable medical devices. At the same time, there is the need to find a procedure that can help
to make the packaging procedure in series faster and with a high yield.
Given this assumption, placing solder bumps on the pads of the back-end, regardless of whether it
is done manually or by adding one or more steps to the fabrication process, it is something that
takes time and can damage the probe. For this reason, conductive adhesives can be used as a
viable alternative.

3.1.1 Flip-chip joining using adhesives
The basic idea is to glue together the two surfaces using an adhesive that establishes a physical
connection and an electrical interconnection at the same time.
Adhesively bonded flip-chip has the advantage to combine cost efficiency with the properties of
thin structures. Among the adhesives advantages, ease of processing, low curing temperatures and
no need to use underfill materials after the process are the most relevant [63]. There are three
different types of adhesives that can be used. The following to present them.

Non conductive Adhesive (NCA)

It is an adhesive made in polymer having no conductive particles, so it is often used in combination
with stud bumps or other substrate metallizations. In this way, when heat is applied, it dries and
establishes the mechanical contact between the bumps and the corresponding pads under com-
pression, allowing the electrical connection [64]. The Figure 3.2 shows flip-chip bonding technique
using NCA.

NCABump

Figure 3.2: NCA flip-chip bonding technique [64]

Isotropic Conductive Film (ICF)

ICF are polymer mixtures filled with conducting particles that assures conductivity [63]. Com-
monly, the conductive particles are silver or nickel [60]. The particular feature of this adhesive is
that it is isotropic, meaning that the electrical connection can be established in all the directions.
Before to apply the adhesive, it is generally necessary to create gold bumps on the die padsto
provide a good electrical contact with the polymer particles [60].
The Figure 3.3 shows flip-chip bonding technique using ICF.
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ICF

Underfill
Pad

Bump

Figure 3.3: ICF flip-chip bonding technique [65]

Anisotropic Conductive Film (ACF)

ACF are films consisting of adhesive polymers and conductive particles dispersed in the adhesive
itself, similarly to ICF. The particles can be made of Au, Ag, Ni, or Au/Ni metal balls or even
polymer coated with metal. The typical diameter of particles is from 3 to 10 mm [64]. Before
bonding, the electrical conductivity is ensured in all directions, whereas, after bonding, the ad-
hesive becomes electrically conductive only along z-direction: that is the reason why it is called
anisotropic. Because of its advantages of low-temperature processing, ACF bonding technology
has been widely used for lot of applications, expecially those requiring fine pitches. The Figure 3.4
reports ACF flip-chip bonding technology.

Chip

Substrate

ACF

Conductive
particles

Figure 3.4: ACF flip-chip bonding technique [64]

Because of its versatility, easieness and, thanks to the fact that it does not require any kind
of bump, ACF technology represents, among the ones described, the best choice to package im-
plantable neural probes.
As already mentioned, each probe has to be connected with a flexible PCB that will be used as
an interface for the electrical characterization system. Each PCB consist of a replica of the probe
back-end, with electrical pads from one side interconnected to pads on the other side via metal
interconnections. The reason behind the choice of having flexible PCB is related to the fact that
in this way the back-end is less exposed to mechanical stress. Moreover, this structure allows to
quickly interface the probe with the electrical setup as explained more in detail in Chapter 4.
The packaging procedure is straithforward and can be synthesized in the following steps:

1. ACF deposition and preheating;

2. probe/flexible PCB placement in bonder device;

3. alignment operations;

4. bonding process;

A small portion of ACF is cutted from the tape and the thin protection layer is removed. Then it
is carefully applied along one side of the PCB covering the electrical pads (a small portion remain

35



3. Packaging

uncovered to allow alignment operation). A preheating process of few seconds at 35 ◦C is needed
to glue the ACF and making the connection stable. Thus, the two samples can be placed inside
the flip-chip bonder tool (Laurier M9 flip-chip die bonder). The PCB is flipped and the pads are
aligned using a high precision camera. Once the two of them are completely aligned, the camera
is moved all the way out and a mass of 4500 g is applied as to establish a pressure. Since stainless
steel is a conductive material, a high temperature can damage the Parylene C that cover the top
layer of the probe. For this reason, the temperature has been kept under a safety threshold of
150 ◦C. The process is carried on for 2 minutes; afterwards, the tool, together with the packaged
probe, needs to be cooled for few minutes.
A correctly packaged 16 channels probe is shown in Figure 3.5, before and after the process.

Flexible PCB

Probe

(a)

Flexible PCB

Probe back-end

(b)

Figure 3.5: Steeltrodes packaging using flip chip: a) before packaging, b) after packaging (quarter
dollar shows the scale)

As can be seen from the picture, this process allows to obtain very small back-end configurations,
in which the size along the x direction does not increase at all. On the other hand, flexible polymer
probes cannot be packaged with this procedure because of the extreme flexibility of the back-end
that does not permit to align correctly the electrical pads. Therefore, another packaging method
has been implemented; it is going to be used even with steeltrodes to further improve the speed of
the process.
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3.2 ZIF connectors packaging
As already mentioned, another possibility to easy package implantable neural probes is represented
by ZIF connectors. Each of these requires very little force for insertion, explaining the reason of
the name. Before the device insertion, a movable lever on the side of the socket is moved all
the way up, pushing all the contacts apart so that the insertion does not damage the pads. The
lever is then moved back so that the contacts grip the pins of the device. Due to this required
mechanical mechanism these kind of devices are more expensive than standard integrated circuit
sockets, justifying the expenses just for very high precision applications. Moreover, they tend to
have a large board area due to the space occupied by the lever mechanism: this implies that the
flexible PCB has to be designed to cover this space. In the Figure 3.6 a ZIF connector is shown.

Metal contacts

Movable lever

Figure 3.6: ZIF connector (Memcon)

The ZIF is soldered to the flexible PCB using reflow technique. It is a process in which a mixture
of solder and other materials, called solder paste, is used to temporarily glue electrical components
to their contact pads. After the placement the entire structure is heated into an oven so that the
solder paste first reflows into a molten state and then solidifies, creating permanent solder joints.
Once the ZIF is correctly soldered over the PCB, the probe can be inserted into the connector
establishing the electrical contacts. The pre-fixed dimensions of the ZIF, which are a standard,
have been used in mask design to get back-end that perfectly fit into the connector. In this way,
no further mechanical stress is added to the probe during the packaging operation. Altough the
probe can be easily removed from the ZIF if requested, the electrical pads can seriously be damaged
during the operation. For this reason, each packaging process has to be intended as not reversible.
The Figure 3.7 reports examples of steeltrodes packaging, before and after the process..

Flexible PCB

ZIF connector soldering

Probe

(a)

Flexible PCB

ZIF connectors

(b)

Figure 3.7: Steeltrodes packaging using ZIF: a) before packaging, b) after packaging (quarter
dollar shows the scale)

Packaging is challenging for polymer probes. Due to the extreme flexibility of the back-end
they cannot be bonded with flip chip technique in the same way as they cannot be easily interfaced
with the ZIF. The latter, in fact, requires to have a rigid surface with high planarity to manage
the insertion.

37



3. Packaging

The polymer does not provide these properties, but they can be obtained using Kapton tape. The
implemented procedure exploits the sticky surface of the tape to glue the probe back-end on it.
Thus, the tape in excess can be cutted away and the probe carefully inserted into the ZIF. The
operation of gluing the tape with the probe back-end can be managed using a paintbrush and
Isopropanol to flatten the probe during the process.
The result of this process is reported in Figure 3.8

Back-end

Kapton tape

Polymer probe shank

(a)

Kapton tape

Polymer probe shank

Flexible PCB

ZIF connector

(b)

Figure 3.8: Polymer probes packaging procedure: a) Kapton tape to increase stiffness, b) final
result (tweesers show the scale)

Once the described processes have been carried out, the electrical properties of the probe must
be evaluated. The goal is to verify if the probe has a good number of working channels and, at
the same time, if the packaging operation has been performed correctly. The following chapter
describes more in detail the adopted procedure.
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Chapter 4

Electrical characterization

Once the probe has been released from the wafer and packaged, it is ideally ready to be used
for recording operation. This can happen under the assumption that the fabrication process has
worked properly and electrodes are able to record from neurons correctly. But, since litography
is subject to various kinds of malfunctions, there is the need to test experimentally the realized
probes before in vivo implantation.
At the same time, the process could have been performed perfectly without introducing any kind of
problem, but the electrical features of the electrodes could not be the targeted ones. For example,
a low electrode-brain tissue impedance interface is critical when a high spatial resolution has to
be achieved. In order to verify all these aspects, post-packaging electrical characterization of the
probe is required.

4.1 Impedance model
Impedance characterization of the electrodes is of foundamental importance in order to get impor-
tant informations about the functionality of the implemented device. By an electrochemical point
of view, brain tissue can be approximated with an electrolyte solution in direct contact with the
recording electrode. For this reason, from now on, in this thesis work it will be referred to the
impedance of the electrode as the electrode-electrolyte impedance at the interface.
There are several reasons to want this quantity as low as possible. The first reason is strictly
connected to the fact that a high impedance would result in high thermal noise that there is the
need to minimize.
A second aspect is related to the quality of signal that one wants to get. From the recording point
of view, the extracellular signals to be recorded are low, on the order of microvolts per neuron. The
neuronal signals will be lost in the noise, if the electrode impedance is not low enough [66]. A clar-
ification on this aspect is possible by introducing a model able to descibe the electrode-electrolyte
impedance interface.
The first model was presented in 1899 by Warburg that supposed that the interface could be
described by a polarization resistance in series with a polarization capacitor [67]. The use of a
constant phase angle impedance it was subsequently introduced after that experimental findings
revealed that the capacitance is frequency-dependent [68].
Randles proposed a third version in which the interface capacitance was shunted by a reaction
impedance; the parallel was in series with the solution resistance [69]. In this version, the ca-
pacitance is represented by a classical double layer capacitor that does not approximate well the
non-ideal behavior at the interface.
The model used in this thesis work is an adaptation of the theoretical ones mentioned above: it
consists of a constant phase element (CPE) impedance shunted by a charge transfer resistance,
together in series with the solution resistance [70].
The Figure 4.1 shows the circuit.
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Figure 4.1: Equivalent circuit model of electrode-electrolyte interface

The impedance of the CPE is described by the empirical relation [71]:

ZCPE(ω) = 1
Y0 (jω)α (4.1)

where ω = 2πf and Y0 and α are fitted paremeters (0 ≤ α ≤ 1). As can be noticed, if α = 1, ZCPE
describes an ideal capacitor, whereas if α = 0 it describes a pure resistor with resistance 1/Y0.
Starting from this model, the complete chain of electrical systems can be built as shown in Figure
4.2. The source is obviously represented by the neuron that fires. Thus, the generated signal is
the input which will be recorded from the electrode and, therefore, will arrive at an amplification
system before the acquisition.

Figure 4.2: Electrical acquisition chain

As shown in the schematic, the amplifier system has its own input impedance that is in the order
of tens of MΩ. The input impedance is in a divider configuration with the whole impedance of
electrode-electrolyte interface described by the model. This implies that, if the impedance at the
interface is too high (comparable with the input impedance of the amplifier), due to the partition
the voltage at the input A would become too low for the amplification system. In other words,
the already low signal coming from the neuron will arrive even smaller to the acquisition system,
making difficult the post-acquisiton analysis.
Therefore, there is the need to keep the impedance at the interface as much as low as possible.
However, between high spatial resolution and low impedance, a trade-off is established. In fact, to
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obtain a high spatial resolution, it is necessary to decrease the electrode area, so as to measure sig-
nals from a small number of electrodes. Since the area is inversely proportional to the impedance,
whenever the area is reduced the impedance increases, resulting in confict.
One solution to reduce conflictuality, is to improve the roughness of the interface by perform-
ing electroplating. Due to the rough surface, the overall exposed area is big enough to maintain
impedance low even though the electrode diameter remains the same. Electroplating is accom-
plished with poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS polymer). The
Figure 4.3 reports a microscope image of plated electrodes in a fabricated steeltrode.

50 50 µm

(a)

50 50 µm

(b)

Figure 4.3: Electrode examples: a) no plated, b) plated

Plated electrode area can be distinguished by the non-plated one thanks to the color that becomes
darker after the plating procedure. Only working electrodes will be plated during the procedure
because an electrical interconnection has to be established between the cathode and the anode
in the solution bath [72]. As can easily be understand from the fact that the roughness of the
electrode has to be increased, electroplating is the opposite of electropolishing process presented
in Chapter 2.

To quantitatively characterize the impedance at the electrode-electrolyte interface, Electrochemical
Impedance Spectroscopy (EIS) has been used.
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4.2 EIS characterization
In EIS technique a small sinusoidal signal is used to test the impedance characteristics of a cell over
a more or less large frequencies range. The result is the impedance spectrum for the electrochemical
cell plotted with Bode diagrams. In other words, this technique allows to study the capacitive,
inductive, and diffusion processes taking place in the electrochemical cell [73].
Depending on the fact that the applied signal is a voltage or a current, there are two different
configurations that can be adopted:

• potentiostatic mode;

• galvanostatic mode.

In the first one, a sinusoidal AC potential is applied and the resultant current is measured as a
frequency-dependent parameter. The ratio between the applied potential E(ω, t) and the current
I(ω, t) is the impedance Z(ω, t). For the galvanostatic mode a current is applied and a voltage
evaluated. Generally results provided by the two techniques are the same. However, if the device
under test suffers of some variations in time, the computed values of impedance may differ.
EIS measurements are more often performed in potentiostatic mode than under galvanostatic mode.
The reason is mostly convention, but there are even reasons related to the materials. For example,
coatings and corrosion-resistant materials have a higher impedance, so that the application of a
10 mV sinewave results in a nA (or smaller) response. At the contrary, for low impedance devices,
such as batteries or large supercapacitors, the application of the same sinewave produces amperes
of current-flow, possibly damaging the device itself. For devices with intermediate impedance
(like smaller batteries, smaller supercapacitors, and sensors), either potentiostatic or galvanostatic
modes may be used [73].
For this reasons, potentiostatic method has been adopted during this thesis work to characterize
electrically all kind of implantable neural probes succesfully fabricated and packaged.
In order to perform the measurement, some aspects have to be taken into account. First of
all, there is the need to define in which measuring environment the experiments will be carried
out, by specifying which has to be the starting setup and how data will be collected once the
measurement is completed. Then, it has to be defined how to make the measurement process
automatic gaining in reliability and speed (lots of electrodes in each probe means lot of time to
perform each characterization). Finally, and this is linked to the previous considerations, how to
interface the whole system meaurement with the computer for data post-analysis.

4.2.1 Electrodes configuration
EIS measurement provides the use of different types of electrodes in a solution bath that works
as electrolyte solution. In the case of implantable neural probes, the electrolyte is a solution that
replicates electrochemical properties of the brain. For this purpose 1xPBS (Phosphate Buffered
Saline) can be used. The preparation is very simple because it just consists in the dilution in DI
water of purchasable PBS solution.
The most common configuration to perform EIS characterization is three electrodes mode. As the
name suggests, three different electrodes are used:

• Working Electrode (WE);

• Reference Electrode (RE);

• Counter Electrode (CE).

The WE is the electrode where the potential is controlled and where the current is measured; it is
the probe electrode under test. The potential is measured with respect to a reference represented
by the RE. The latter should have a constant electrochemical potential as long as no current flows
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through it. This electrode is in Silver/Silver Chloride (Ag/AgCl). Finally, the CE, or Auxiliary
Electrode, is a conductor (Platinum Pt) that completes the cell circuit, making a current flow
possible. For this thesis work, BASI Inc electrodes have been used, respectively MW-1032 and
MF-2052 models, as shown in Figure 4.4.

Figure 4.4: Counter and reference electrodes used for measurements (BASI Inc)

Another configuration that can be adopted provides the use of just two electrodes, WE and
CE, without the reference. The difference is related to the fact that RE is used to determine
the potential across the electrochemical interface accurately because it establishes a reference in
the solution in which the system works. A two electrodes system is used just to control the po-
tential across the electrochemical interface between WE and CE. That means that, whenever the
measurement is performed in two electrodes mode, even the electrochemical impedances of the
measurement electrodes are included in the measurement. In other words, the three electrodes
configuration allows to get a more precise measurement because it confines the measure just at the
electrode-electrolyte interface.
Hence, three electrodes configuration will be used for EIS characterization unless differently spec-
ified.
In Figure 4.5 is reported three electrodes configuration schematic.

Figure 4.5: Three electrodes EIS measurement configuration.[74]

4.2.2 Potentiostat
In order to control a three electrodes cell and run electrochemical experiments, a potentiostat is
required. The task of this electronic component is to control the voltage difference between WE
and RE by adjusting the value in relation to the current measured on the CE.
Bipotentiostat and polypotentiostat are two other configurations capable of controlling different
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number of electrodes respect to the classic three electrodes cell.
An electrical schematic of a potentiostat is reported in Figure 4.6.

Figure 4.6: Circuital schematic of a potentiostat [75]

The electronic design of a potenstiostat is basically composed by three parts:

• PC: it is the Potential Control Amplifier;

• VF: it is the Voltage Follower;

• CF: it is the Current Follower.

As can be seen from the diagram, the CE is connected to the output of the Potential Control
Amplifier. The latter amplifies a voltage input signal with a specific gain, forcing a current to flow
through the cell. Since it is in adder configuration, the input signal of the amplifier is represented
as an addition of different simple voltage waveforms, allowing to have many degrees of freedom
on the signal to be applied. The value specified by the user (applied potential) is accurately
controlled anytime during the measurement by using a negative feedback mechanism that uses a
VF to prevent an overloading on the RE. Finally, the value of the current is measured using a CF
connected to the WE.
For this thesis work PGSTAT302N potentiostat from Metrohm Autolab has been used. It is
reported in Figure 4.7.

Figure 4.7: PGSTAT302N potentiostat (Metrohm AUTOLAB)

AUTOLAB provides even a user interface called NOVA through which it is possible to set all the
required parameters for the experiment, such as the sinewave features or the measurement param-
eters. Among these, there is the possibility to set measurement with respect to the Open Circuit
Potential (OCP), the potential naturally occurring between WE and RE.
OCP is depndent from the chemical composition of the interface and can significantly affect the
impedance results [66].
Since OCP is a potential and not an impedance, it is measured each time and summed to the
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applied potential as an offset as a preliminary step before the measurement.
As already mentioned, this is possible in three electrodes configuration, by measuring the impedance
just at the electrode-electrolyte interface without including other electrochemical impedance con-
tributes.

The potentiostat with the NOVA control software represent the interface between the physical
measurement setup and the computer, allowing to record the final data for the following analysis.

4.2.3 Interfacing board
As already said, each probe consists of a certain number of channels terminated by recording
electrodes. For the EIS configuration presented so far, each of those electrodes has to work as a
WE for the potentiostat, so it needs to be electrically interfaced with it. For this purpose a specific
PCB has been designed.

The interface has to switch between one channel and the following one, allowing the characterization
of all of them. Of course this procedure can even be manually carried out, but the cost in terms of
time, reliability and mechanical stress for the probe back-end would be high. For this reason, an
electrical circuit needs to be adopted, by paying attention to keep impedance parasitics as much
as low as possible to avoid fake results.
From an electrical point of view, a so defined circuit it is a demultiplexer, because it has to take a
single input (the WE) and transfer it to each of its outputs in subsequent times. So, theoretically,
a classic digital demultiplexer can be adopted. The main issue of this solution is represented by
the technology adopted. Indeed, complementary metal-oxide semiconductor (CMOS) technology
that is used to implement this kind of devices, introduces parasitics resistances even in the case
of switched-off transistors. This mainly happens because whenever an open circuit is established,
there is not a physical interruption of the trace, so a small charges flow is still present. This implies
that this type of device cannot be used to do the requested operation of demultiplexing, because
those resistances are going to be in parallel with the electrodes of the probe.
In replacement, electromechanical relays have been adopted. Their advantage is in the fact that it
is possible to obtain a closed circuit when required by the electrical control of a mechanical switch,
with infinite impedance until then.
Since the number of channels per probe can vary between 4 and 32, it is necessary to use 32
different relays to be able to use the board in the worst case scenario. Inevitably, this makes the
PCB larger, as each relay takes up a lot of space on the board compared to a digital component.
CMOS demultiplexers have still been used as drivers for the relays, controlling the switch rate
of each of them. The AUTOLAB potentiostat provides some digital output through a Digital
Input-Output port (DIO) which have been used as control signals for the demultiplexers.
Finally, the design procedure focused on choosing the correct connectors to interface the probe
back-end with the board. As mentioned in Chapter 3, the flexible PCBs used for packaging, have
been explicitly designed to fit the back-end of each probe with the ZIF connector. So the latter
was included in the design along with a standard pin connector. Since OMNETICS is another
widely used standard, it has been chosen to include it as a third connector.
In Figure 4.8 is reported the schematic of the designed circuit.
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1:16

1:16

Figure 4.8: Schematic of the designed circuit

As can be seen, the enable for the two demultiplexers is provided by the AUTOLAB system,
through the DIO port, as another digital output. It directly controls one of the two demuxes,
while the second one receives the denied version from a digital inverter. This ensures that the
first demux works for the first 16 relays, while the second one for the remained 16. A decoupling
capacitor of 10 µF has been included in the design between the supply voltage and the ground.
Each of the three connectors on the bottom is interchangeably and, depending on the back-end of
the probe, each of them can be used for interfacing.
As already mentioned, the WE must be the output of each relay, whenever it has to be specifically
activated. Then the supply voltage is provided to that specific relay according to the control
signal coming from AUTOLAB, by correctly switching the demux. Therefore, the voltage signal
controlled by the potentiostat on the WE is directly applied to the specific electrode of the probe,
leaving all the others in open circuit conditions.

The designed PCB is a two layers configuration with two ground planes, one per face. In order to
minimize as much as possible the board phisycal dimensions, it has been chosen to place 16 relays
per side, using surface-mount terminal instead of through-hole terminal version.
The Table 4.1 reports parts of main components used in this project.

Component Producer Name
Relay Omron G6L-1F

Mux/Demux Analog Devices ADG1606
Inverter Texas Instruments SN74AHC1G04
Capacitor Samsung Electro-Mechanics CL05A106MP5NUNC

Table 4.1: Main components used for the design

The components have been soldered using the reflow soldering tecnhique.
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The Figure 4.9 reports the PCB schematic and the complete board after soldering: red lines
represent the top layer, blue ones the bottom layer. They are interconnected via vias.

(a) (b)

Figure 4.9: Interfacing board: a) PCB design, b) PCB after soldering

After the realization, the board has been tested to prove its functionality. Initially it has been
tested under electrical point of view, to verify if the connections had been routed correctly or if
there had been damages during the soldering procedure. Furthermore, the board has been used
to perform some dummy measurements with probes whose operating mode was known. No issues
have been reported.

4.2.4 Measurement setup
The whole measurement setup for EIS characterization is the one reported in Figure 4.10.

POTENTIOSTAT
(potentiostatic mode)

CONTROL & INTERFACING

Measurement parameters:

-sinewave characteristics;

-OCP;

-range of frequencies;

Control signals

Data acquisition & analysisRE
CE

WE

Interfacing PCB board

Electrolyte (1xPBS)

Figure 4.10: Measurement setup for EIS characterization

The measurements have been done in a Faraday cage to avoid the possibility that electromagnetic
noise could corrupt the analysis. As soon as the electrolyte bath with the three electrodes and the
PCB board have been placed, the measurement can be started by using a computer as an interface
with the potentiostat. The software that allows the communication between the two of them is
provided by NOVA producer. It allows to set all the measurement parameters together with the
possibility to change the control signals through the DIO port. As previously mentioned, these
digital controls are used in the interfacing PCB to switch between the channels.
Within the parameters that can be set in NOVA, there is the possibility to impose the OCP
control, the sinewave characteristics and the range of frequencies for which the impedance must
be evaluated. For this thesis work, a 50mV root-mean-square sinusoidal signal at OCP has been
used. The range of frequency varies depending on the type of measurement that has to be carried
out. Most of the time it was chosen to study the trend of impedance in the range [102 104]Hz.
The reason behind this choice is related to the fact that neurons are generally not capable of firing
at more than 1000 Hz, so that range is of particular interest.
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During the measurement operation, data are collected in separate files, so they can be easily plotted
and analyzed.

4.2.5 Results and discussion
Impedance values are reported in terms of Bode diagrams, showing the trend of module and phase
over the chosen range of frequencies. The Figure 4.11 reports an EIS characterization for a 30
channels steeltrode.
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Figure 4.11: EIS characterization for a 30 channels steeltrode

In order to understand these results one needs to think about the metal trace of the channel as
an equivalent impedance. When the trace is working, it behaves like a wire, making the electrical
signal able to propagate. In this case the impedance measured at the interface will assume a value
depending on the area of the exposed electrode. It has been verified that, for 15 µm diameter
electrodes, the impedance at 1 kHz is in the range [1 2.5] MΩ. Hence, in the picture, those
channels in this window values are working channels. On the contrary, a not working one presents
somewhere along the trace an metal break that makes it an open circuit: the behavior of such
structure is pretty capacitive. Indeed, the insulator at the breaking point works as the dielectric
of the capacitor, with the two wire pieces on the sides working as the metal plates. As a result,
the module of this structure will be higher than the previous one.
For what concern the phase, similar considerations can be done. As can be noticed from the graph,
the phase for not working channels is close to −90 ◦: this is how a capacitor works in phase. On
the contrary, for working channels, the trend is to have a phase "less negative" than the previous
one, around −70 ◦. This is reasonable because the channel is a conductive wire, so the resistive
component brings the phase towards positive values (a resistor in phase has a contribute equal
to 0 ◦ over frequency). Anyhow, since some big capacitive effects are still present because of the
parasitics of the wire, it is almost impossible to reach 0 ◦.
This kind of analysis aims to give a benchmark on functionality of microfabricated probes in terms
of number of working channels, quality of the processes and yield of the packaging procedures. It is
focused on the response of a single channel because it measures the impedance at the interface for
just one single electrode. At the same time, could be interesting understand which is the response
of combinations of channels with respect to particular interference effects such as crosstalk. This
kind of analysis is addressed in the next section.
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4.3 Crosschannel characterization
As previously shown, each probe consists of a shank in which several electrodes are placed and
interconnected with the back-end through many conductive channels. While the electrodes are
exposed to record neuronal activity, the channels are insulated under a layer of Parylene C, in
a such a way that it does not interact with the environment. Since the channels pitch is small,
in the order of tens of µm, the crosstalk effect could be severe. The effect of crosstalk can be
analyzed taking into account that the model for the electrode-electrolyte interface, described in
Section 4.1, is still valid. Moreover, it is important to understand how the effect of crosstalk can
vary depending on the conditions of the insulation above the traces.

4.3.1 Crosstalk effect
Current density accumulation in a wire can cause a change in current density in adjacent wires
through capacitive charging with the two wires acting as the capacitor. The described effect is
called crosstalk and the channel that causes the cupling is called "aggressor" compared to the
channel that suffers the aggression, called "victim".
By defining with Vout2 the output of the victim and with Vin1 the input of the aggressor (where
the signal source is imposed) the crosstalk is defined as [70]:

Crosstalk[dB] = Vout2
Vin1

= −20log
3

2 + Zcc
Zelec

+ Zcc
Zsh//ZL

4
(4.2)

where Zelec is the electrode impedance, Zcc is the coupling impedance, Zsh is the shunting
impedance, and ZL is the load impedance. In the specific case of electrodes for neuronal recording,
Zelec is represented by the impedance model of the electrode-electrolyte interface introduced in
Section 4.1. The shunt impedance is the one across the insulation layer from the center of the metal
trace to the electrolyte bath conductor. Since it physically represents the interconnect parasitic
coupling to ground, it is sometimes called shunt impedance to ground. Then ZL, that represents
the amplifier input load impedance. Finally, the coupling impedance Zcc that mostly models the
interconnect parasitic coupling capacitance: each channel behaves as one plate of the capacitor
and the insulator in the middle is the dieletric.
The circuital schematic of crosstalk model between two channels is reported in Figure 4.12.

Figure 4.12: Crosstalk model of two recording electrodes with adjacent channels [70]

Equivalent circuit models developed implantable biomedical devices show that crosstalk effect
affects the amplifier impedance above the electrode impedance (composed by the resistance of
the electrolyte solution as well as resistance and capacitance of the electrode). As a result, the
recorded signals can be attenuated by crosstalk effect, resulting in false signal in adjacent electrodes
during recording or in unwanted accumulation of charge density between adjacent electrodes during
stimulation [76]. Since the probes are going to be implanted in brain to record in-vivo neuronal
activity, there is the need to characterize the response of the channel to the crosstalk. This means
to evaluate the impedance between the channels in order to understand if the fabrications process
or the geometry of the probe has to be modified (for example by increasing the channels pitch).
Imposing one electrical signal to one electrode and measuring the response on the adjacent ones
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is tricky due to the small dimensions of the probe. It would mean obtaining only a qualitative
analysis of the crosstalk whereas it is more important to get values of the impedance between the
traces. In oder to do that, EIS similar setup can be adopted as described in Section 4.15. Since no
amplifier system is used in EIS configuration, the previously described model can be simplified by
removing the load impedance ZL and expliciting the resistive and capacitive components in probe
design. The Figure 4.13 shows the model.

Figure 4.13: Crosstalk model between two channels

As can be noticed, for each recording electrode, the model of electrode-electrolyte impedance
interface is exploited. The solution resistances are incorporated in one single resistance Rsol as
well as the shunt capacitances in Cshunt. The resistive effects of the shunted impedances are
negligible for the purpose of this analysis so thery are not shown. For what concern the coupling
impedance, it is mostly capacitive but there is even a resistive component that becomes relevant
when insulation fails or shorts between channels are present.

4.3.2 Measurement setup
Starting from EIS measurement setup and introducing some changes, crosschannel response can be
evaluated. So far, EIS characterization has been performed for single channel using three electrodes
configuration. The multiplexer PCB board was used as the interface between the WE provided
by the AUTOLAB potentiostat and the channels of the probe. Now the measurement has to be
conducted between two channels at a time covering all the possible combinations of channels. The
evaluated value is going to be the sum of the two electrode-electrolyte impedances at the interface,
together with the coupling components between them.
In order to do that, PCB task must change from "choosing a specific channel" to "choosing a specific
combination of channels". Actually, this does not require a modification in the board design. In
fact, instead of complicating the design of the board, the same design can be adopted for a second
PCB board to be used in tandem with the first one. The connection between the two can be made
through male/female pin connectors; hence the first one can choose for a channel of the probe,
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whereas the second one for another channel, resulting in a combination of channels at a time. The
switching operation for the two boards can be managed using different digital control signals from
the DIO port (25 pins are provided). An easy way to proceed is to start keeping one channel
fixed on the first board and switching between all the others on the second board. Then, the
first board can move towards the second channel and the second board again can switch between
all the others, and so on. In this way, the procedure is automatically handled and, although the
time required to cover all the combinations could be huge (depending on the number of channels
on the probe), reliability is guaranteed and the risk of error avoided. The Figure 4.14 shows the
operating principle for a 16 channels probe. Each column represents the channels of the probe
for each cycle of measurement; the activated channels are in green while the red ones represents
disabled channels. The impedance measurement is carried out between the activated channels in
each cycle. For summary reasons, not all the combinations are reported.

Figure 4.14: Combinations handling principle

All the routines for the switching operation, in terms of digital control signals to the demultiplexer
of the board, have been generated automatically by C programming language scripts and then
imported in NOVA.
A clarification needs to be done in terms of electrodes used for the setup. As previously described,
the interfacing board for EIS characterization provides the connection between one probe electrode
and the WE of the potentiostat. In other words, that specific electrode works as the WE of the
system. This assumption is still valid in crosschannel characterization. The difference here is
that there is a second board that cannot provide another WE, which is single for the potentiostat
system. Since the second channel task is to close the circuit allowing the impedance measurement
in the discontinuity section, in practice it works as a the counter of the potentiostat; so the second
board has to be connected to CE.
In this setup, it has been chosen to use a two electrodes configuration, without using the RE. In
fact, the effect of the electrochemical impedances of the electrodes, corrected by the RE, has a
very low impact on the overall value of the impedance measured, which is bigger than the case of
the single electrode characterization. In this way, the setup is strongly simplified, with the probe
connected to the two-boards configuration and alone immersed inside PBS, with one electrode
working as the WE and another one as the CE of the potentiostat at each measurement cycle.
This is illustrated in Figure 4.15.
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WE

CE

E

Figure 4.15: Measurement setup for crosschannel characterization

4.3.3 Results and discussion
The previously described setup has been used to perform impedance measurements in the specified
range of frequencies. Since the impedance of each combination is interesting at the neuron firing
frequency, the response at 1 kHz has been extrapolated. Then the data can be arranged in a
matrix configuration in which the channel number is reported both on the two axis. Thus, each
point on the matrix representes the wanted combination between the channel on the x and the one
the y. The Figure 4.16 reports the results of one characterization on a 30 channels probe.

Figure 4.16: Results of crosstalk characterization for a 30 channels probe

The matrix is mirrored along the main diagonal because the combination of channels repeats two
times. As the solution can take a while to infiltrate in Parylene C cracks, the effects of bad in-
sulation do not occur immediately after immersing the probe in the solution. For this reason the
probe is left dived for a while before starting the measurement.
The diagonal of the matrix corresponds to all the combination of one channel with itself, in a
sort of dummy measurement that verifies that each channels is actually interfaced with the two
PCB boards. As expected, the impedance values for those combinations are close to 0 Ω be-
cause each trace is in short circuit configuration with itself. The other combinations suggest more
considerations regarding the metal/insulator deposition quality. The values with high impedance
are the combinations in which the crosstalk effect is less evident, meaning that the insulation is
working properly. At the contrary, for lower values, the crosstalk effect is more consistent and
problematic. That can happen for several reason but the main cause is related to the infiltrations
of water/solution between the cracks of the insulator. That means that the coupling impedance
between the channels assumes a particularly resistive behavior, resulting in parallel contributions
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to the impedances at the electrodes interface. Since the values of these parasitics are generally
low, they cause a drop on the impedance. The quality of the insulator deposition is one of the
most challenging during the fabrication process: the correct functioning of the probe, as well as its
ability to last over time, depends on its success. This aspect will be further developed in Chapter
5.
In addition, there can be short circuits between channels due to complications during the metal
deposition: for example during the evaporation process or the traces patterning. Crosstalk charac-
terization provides more precise informations than EIS characterization in this sense. Figure 4.17
shows another crosschannel measurement for a 16 channels probe.

Figure 4.17: Analysis on metal failures in a 16 channels probe

In this case data have been arranged in a 3D plot, so it is simpler to identify all the short circuits (in
red). As for the Figure 4.16, fake shorts can be recognized on the main diagonal, and, in addition,
two others occur in different positions. The impedance values for those are higher than the ideal
case along the diagonal. This happens because most of the time the junction that creates the short
is not so evident. At the contrary, the unwanted link between two traces is often very thin, far from
having the electrical properties of the short circuit itself. This results in higher impedance values
even though, in practice, a short is present. Anyhow, it can be assumed with some confidence that
all impedance values below hundreds of kΩ are metal failures which compromise the functionality
of the affected channels.
The crosstalk analysis, together with the classical EIS characterization, allows to get important
informations on the quality of the fabrication process and, as a consequence, on the fabricated
devices. Among the well working devices, it may be interesting to quantify durability over time to
understand if this technology can be adopted for long terms recording. This aspect is studied in
the next chapter.
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Chapter 5

Accelerated Lifetime Testing

In order to understand which is the response of the electrodes to a long term recording operation,
Accelerated Lifetime Testing (ALT) needs to be performed. This kind of operation is something
that is generally carried out on samples for each kind of device that has to be commercialized or
used for not-research-confined applications. The idea is to replicate a process in which the device
is subjected to certain conditions in excess with respect to its normal service parameters. By
analyzing the results in tems of device response, meaning failures and damages, a prediction about
the service life can be made. The process can happen under unnperturbed conditions, meaning
that the process is not speeded on, or, viceversa, under perturbed conditions. As shown in Figure
5.1, temperature and solution bath composition are the most important parameters that can be
controlled to increase the process of degradation and hence assessing durability.

Unperturbed cond.

No temperature aging

Perturbed cond. Perturbed cond.

Temperature aging Solution aging

Insulation failures

Metal failures

Figure 5.1: ALT processes

In addition to durability, ALT can be used to explore more in detail the problems that affect
implantable probes, such as metal and insulation failures.
Indeed, these two are the most important fails that can be observed over time whenever an ALT
is conducted. They affect the correct functionality of the probe from different point of views. In
the first case, the recording operation is not possible anymore because the electrical connection
between the electrode and the back-end is interrupted.
In the second case, the metal trace remains uncovered in such a way that the recording operation
is still possible, but the spatial resolution of the probe is lost because, due to the shank length, a
single channel can record neuronal activity from different brain regions.
Given the criticity of these aspects, ALT in different environment conditions has been conducted
and a statistical analysis on probe failures has been integrated in the discussion.
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5. Accelerated Lifetime Testing

5.1 Aging in unperturbed conditions
As already discussed, materials that are going to be implanted into the human body should not
deteriorate too fast during their period of use. Since the main problems are represented by bad
insulation, a first step should be to study how the probe reacts whenever left into the solution for
a long period of time with no external perturbations. In other words, the goal of the experiment
is to see how much time is required to get significant changes in the impedance behavior without
artificial acceleration of the process (i.e. increasing the temperature).
The way in which the experiment is conducted is pretty straightforward. The probe, a 32 channels
steeltrode, is left inside PBS solution at room temperature performing EIS characterization at
prefixed time intervals. For the specific experiment it has been chosen to repeat the measurement
each hour. To guarantee consistency, each measurement has been done twice and results compared.

5.1.1 Results and discussion
The results for the device under test are reported in Figure 5.2. EIS characterization data have
been reported in terms of Bode diagrams. Each diagram is relative to one single channel of the
probe. For summary reasons, just channels corresponding to cases of interest are shown.

(a)

(b)

(c)

(d)

Figure 5.2: Results for ALT under unperturbed conditions: a) intense insulator fail, b) metal
fail, c) slight insulator fail, d) no fails

As can be noticed, the channel 5.2(a) has a drop of the impedance around 100 hours after the
start of the experiment. In 5.2(b) the trend is the opposite direction, with an increasing of the
impedance after around 40 hours.
In the first case, the impedance drop is caused by the insulator delamination. It consist of the
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failure of the Parylene that starts to fracture in several layers. This implies the loss the electrical
insulation between the metal trace and the environment, causing a false exposed electrode (i.e. the
trace itself). Since the exposed area of the channel is now larger, the impedance will decrease. It
can be caused by many factors, first of all the presence of thin faults on the surface which are more
prone to aqueous infiltrations. Once the water has entered inside, it is easier to see large portions
of insulator rise from the metal, leaving the trace uncovered.
The second case of failure affects the metal below the surface which can break because of the
saline contributions in the PBS solution. As a consequence, the channel, that was a working one,
becomes a not working one because the electrical connection is lost.
Between these two extreme cases, there is a wide range of possibilities for which the impedance
module can vary depending on the depth of infiltration. Generally the pre-delamination effect is
more evident for working channels at low frequencies, following an exponential decrease. This can
be observed for channel in 5.2(d). The drop of the impedance module is followed by the increasing
of the phase, meaning that the infiltrations make the impedance more resistive.
At the same time, some channels are more robust and do not present changes in impedance such
as to justify faults. It is the case of the channel 5.2(c).
Table 5.1 shows how the fails are distributed over time.

Time [h] Insulator fails [%] Metal fails [%] No-damaged channels [%]
20 0 0 100
40 0 3 97
60 0 3 97
80 0 3 97
100 3 3 94
120 6 3 91

Table 5.1: Results for ALT under unperturbed conditions

Overall, the total number of faults is small compared to the number of the probe channels. That
means that the quality of the metal and the insulator is good enough to last a long time in
unperturbed conditions. On the other hand, observing a sufficient number of failures to get a more
detailed analysis in these conditions could take very long time; the process can be accelerated by
disturbing the experiment conditions.
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5.2 Aging in perturbed conditions
As mentioned, the conditions can be varied in order to get an acceleration of the degradation
process. Essentialy two are the factors that can be modified:

• temperature of the solution bath;

• composition of the solution bath;

The temperature variation allows to test the evolution of the impedance over effective times longer
than the testing period at room temperature.
In order to simulate the aging process, so-called "accelerated aging", a common approach to de-
termine the degradation rate is to consider the Arrhenius equation. It provides the dependence of
the rate constant of a chemical reaction on the absolute temperature and other constants of the
reaction [77, 78]:

k = Ae
−Ea
RT (5.1)

where T is the absolute temperature, A is the pre-exponential factor (constant for each chemical
reaction), Ea is the activation energy for the reaction (constant as well for not so big temperature
variations) and R is the universal gas constant. This relation showcases how the degradation
process is speeded on exponentially (in terms of rate k) when the temperature T is increased.
In terms of aging rate factor f recent studies have shown that this value can be expressed as [77]:

f = 2∆T/10 (5.2)

where T = T −Tref is the difference between the imposed temperature at which the effects of aging
must be determined and the reference. For a material that is to be implanted into the human body,
Tref is the body temperature of 37 ◦C. Since American Society for Testing and Materials (ASTM)
recommends that aging temperature has to kept below 60 ◦C to avoid non-linear variations in the
rate of reaction [78], it has been chosen to set the aging temperature to this value. This means
that the factor of aging will be around 5. In other words, theoretically, 1 hour of use at room
temperature corresponds to 5 hours of use at the 60 ◦C in absence of other perturbations. On
the other hand, this is just a qualitatively estimation that can be made a priori, but that cannot
take into account the specific features of the probe under test, in terms of previous damages or
mechanical stress that can influence the final result.
The second factor that can be modified to assess the mean time to failure of the probe is the
composition of the solution bath. Neural implants studies have shown how Reactive Accelerated
Aging (RAA) in harsh aging environment can be obtained using Hydrogen Peroxide (H2O2) [79,
80]. In recent studies, H2O2 has been used in RAA soak tests as a source of Reactive Oxygen
Species (ROS) to simulate the aggressive environment created by immune cells in response to
chronic implants [79, 80]. In a biological context, ROS are the result of the metabolism of oxygen
and have important roles in cell signaling and homeostasis. However, during environmental stress,
ROS levels can dramatically increase [81]. This is the effect called "oxidative stress" because the
production of ROS is strongly influenced by stress factor responses. The issue is that heated
PBS solution does not reproduce this effect that naturally occurs when, for example, the probe is
implanted inside the brain. Through hydrogen peroxide this effect can be simulated even in not
in-vivo environment.
The required concentration of solvent in solution is from 10 to 20 mM in PBS; for this thesis work
15 mM has been used.
Taking into account that the process has to be fast enough to cover the whole device life time cycle,
together with the solution modifications a constant temperature of 60 ◦C has been maintained.
As a result, one can expect the fastest aging process in the last configuration.
The heating process was conducted using an analog Heatblock (VWR). A digital thermocouple
(OMEGA) was adopted to constantly measure the temperature of the solution and avoid over-
heating peaks. Moreover, to reduce risks of evaporation, the tank for the probe heating was sealed
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using Parafilm.
Then EIS characterization has been performed at different time intervals using the measurement
setup described in Section 4.2.4. The chosen range of frequencies is [10−1 104]Hz.

5.2.1 Results and discussion

Results at 60 ◦C in PBS
ALT results for PBS at 60 ◦C are reported in Figure 5.3. As for the case of unperturbed conditions,
just the most relevant results are reported. Compared to the previous case, EIS characterization
has been conducted over a smaller period of time because fails occurred earlier. On the other
hand, since an accurate prediction of the decay rate was not possible, it was chosen to perform
measurements with a certain frequency, which was then modified according to the obtained results.
In other words, the intervals between one measurement and the following one were initially short
and subsequently they have been increased to deal with the initial slow aging rate.

(a)

(b)

(c)

(d)

Figure 5.3: Results for ALT in perturbed conditions, T = 60 ◦C: a) intense insulator fail, b)
metal fail, c) slight insulator fail, d) no fails

As can be seen, the four reported cases are similar to those discussed for the previous configuration.
The difference is that the delamination effects are now being observed after about 40 hours since
the start of the experiment, whereas metal fails takes less than 20 hours. That means that the
process has been accelerated by over 50% in both cases.
Furthermore, while in the other case just few channels presented fails, the percentage of broken/de-
laminated traces is now much higher. Table 5.2 reports all the values in terms of percentage over
time.
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Time [h] Insulator fails [%] Metal fails [%] No-damaged channels [%]
10 0 0 100
20 0 6 94
30 0 6 94
40 6 6 88
50 19 9 72
60 22 9 69
70 22 9 69

Table 5.2: Results for ALT under perturbed conditions (T = 60 ◦C)

By looking at the obtained results, it is easier to quantify how much faster the effect of infiltration
under the Parylene occurs thank to the temperature for each characterization step.

Results at 60 ◦C with H2O2 in PBS
Finally, results for ALT at 60 ◦C in hybrid hydrogen peroxide/PBS solution are reported in Figure
5.4. For this experience a 16 channels low density probe has been used.

(a)

(b)

(c)

Figure 5.4: Results for ALT in perturbed conditions, T = 60 ◦C and H2O2 in PBS: a-b)intense
insulator fail, c) no fails

In this experience no damages to the metal have been observed. At the contrary, lots of channels
start to delaminate quickly at low frequency (5.4(c)), or they are completely delaminated in the all
frequency range after just 20 hours (5.4(a),5.4(b)). In other words, this process is more than 50%
faster than the previous one and 80% faster then the one with no perturbed conditions. A more
detailed analysis can be made by looking at the data reported in Table 5.3 (completely delaminated
channels are reported under the voice "Insulator fails").
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Time [h] Insulator fails [%] Metal fails [%] No-damaged channels [%]
10 0 0 0
20 37 0 63
30 44 0 56
40 56 0 44
50 56 0 44

Table 5.3: Results for ALT under perturbed conditions (T = 60 ◦C and H2O2 in PBS)

5.3 Statistical analysis on failures
Each experiment has a dependence with the sample under test starting conditions. For example,
during the fabrication process, there may be different conditions depending on the wafer region,
resulting in particular features in some probes compared to others. In terms of analysis, this means
that, in order to get a qualitatively understanding of the results, it is necessary to conduct more
and more experiments in search of consistency between the data.
In the specific case of ALT, this operation takes a long time and, to be as accurate as possible,
lots of experiments must be carried out with different samples coming from different wafers and
fabrication processes. The goal of this section is to collect the results obtained so far and make
them available for future upgrades.

As already mentioned, the value of the impedance at interesting frequencies (i.e. 1 kHz) is
in the range [1 2.5] MΩ for the implemented tecnhology. This is true for electrodes diameter of
15 µm which is the most common arrangement for the probes used in this thesis work.
On the other hand, electrodes diameter can be bigger, 25 µm, for some probes that do not have
constraints in terms of pitch length between one trace and the next one (electrodes along the
shank). For these probes, the value of impedance module at 1 kHz is lower because the overall
exposed area is larger. So in these cases one can get hundreds of kΩ, close to the 1 MΩ.
Altough the fabrication process is going improved over time, insulator fails are the most common
issue that occurs at each new probe generation, therefore it needs to be identified quickly at each
preliminary analysis.
Previous analysis on ALT has shown how the impedance drop is related to the effect of delamination
that occurs in damaged probes. In those cases the probe was artificially damaged so the result was
expected but, in general, recognizing good working channels from delamination effect is challenging.
One way to do that is to make a statistical investigation on most common impedance values for
insulation failures in such a way that, by just performing EIS characterization, is it possible to
understand if there are delaminations on the current probe generation or not.
For what concern metal failures, the statistic is not needed. The reason is related to the fact that
EIS characterization already allows to know in advance informations about functionality of each
specific channel. If the impedance is too high the metal is broken and there is not the need to
distinguish this value from something else.
The graph in Figure 5.5 reports the first collected data for the analysis on insulation failures for
the two analyzed probe categories. The values have been extrapolated from ALT characterization
analyis at 1 kHz.
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Figure 5.5: Statistical analysis on insulation failures

As can be seen, the values for delaminated probes in small electrodes configuration are confined in
a range around 900 kΩ. So it is pretty discernable from good channels values in that configuration.
The same happens for big electrodes configuration in which the range of delamination is close to
300 kΩ, far from the value of 900 kΩ required to have a working recording site.

Anyhow, this analysis remains a statistic, so there is no warranty that ensures the correct
identification of a specific insulation issue. In this sense it is not intended to be the definitive
version on which to characterize the next generation of probes, but rather the starting point for a
more in-depth study of the problem.
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Chapter 6

Stimulation for in-vivo
characterization

The last step of the characterization process is the simulation to prepare the in-vivo recording. The
goal is to reproduce the in-vivo environment to verify what supposed with EIS characterization: in
other words this characterization is a more precise analysis to check working channels functionality.
Since the goal of the experiment is to reproduce neuronal stimulus in an artificial environment, the
procedure is called "synthetic stimulation".

6.1 Synthetic stimulation
As already said in the introduction of the current chapter, this characterization allows to simulate
the condition in which a working channel of the probe has to record electrical activity coming from
the outside. In order to do that, neuronal activity inside the brain it is reproduced using a stimulus
electrode immersed in PBS solution. The electrode is a very thin needle interfaced with a function
generator: in this way the signal parameters can be chosen to be more realistic as possible or, on
the contrary, to accomodate different needs depending on the type of experiment. The Figure 6.1
shows the microneedle (MicroProbes for Life Science, WE series) used as a stimulus.

Figure 6.1: Stimulation electrode (Microprobes for Life Science)

The stimulus can be moved to be brought closer to the probe electrodes. The camera pictures in
Figure 6.2 show this in three different situations: in the first case a high density tip probe, in the
second one a high density shank one and, finally, a high density commercial probe (Plexon).
Commercial probes have been characterized as well, providing a benchmark for evaluating the
obtained results.
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Stimulating electrode tip
Recording sites

(a)

Stimulating electrode tip

Recording site

(b)

Stimulating electrode tip

Recording sites

(c)

Figure 6.2: Stimulating electrode approaching the recording site in: a) high density tip, b) high
density shank, c) commercial probe (Plexon) (Camera images through PBS solution)

As can be guessed, the stimulation operation can be difficult in high density tips (6.2(a) 6.2(c))
because the electrode cannot be moved with high precision along the probe. All the recording sites
are close each other, meaning that, whenever the stimulus is approaching, it is difficult to stimulate
only one of them at a time. In terms of response the amplitude of the recorded stimulus will be as
low as the tip is further away from the electrode, resulting in a gaussian response. This concept is
explained in the next sections.
The whole measurement setup is shown more in detail in the next section.
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6.1.1 Measurement setup
The complete schematic of the stimulation system is reported in Figure 6.3.
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Figure 6.3: Synthetic characterization measurement setup

Since the probe is very thin, the stimulus has to be moved very slowly along the probe. In order
to do that, a micromanipular has been used. A camera (Thorlabs) allows to scan the probe
surface and carefully approach the stimulus to the recording site. The probe is interfaced with
an Intan amplifier through Omnetics connector, using a ZIF-Omnetics converter PCB. The Figure
6.4 reports the implemented converter PCB and the Intan amplifier used for the measurement.

(a) (b)

Figure 6.4: Electrical components for synthetic stimulation: a) ZIF to Omnetics PCBs, b) Intan
amplifier

Due to the fact that the Intan amplifier system exploits different references for the ground and the
signal reference, two different pins have been included in the PCB. However, some experimental
results have shown that the level of noise reduces in the case in which the two are shorted togheter.
For this reason, the same Platinum electrode used for the EIS characterization has been used to
establish a reference in PBS solution and, then, it has been shorted with the ground of the system.
On the contrary, the negative reference of signal generator has been left floating: in this way is it
easier to stimulate the recording site just on the proximity of the stimulating electrode tip. That
happens because there are two exposed metal sections on the stimulating electrode, one on the
tip and a thin ring slightly above. Overall, these two poles make the electrode working like an
antenna when the two of them are connected. The electromagnetic field in the middle of the two
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poles is less intense, so when the probe is stimulated all the electrodes in the vicinity of that point
have lower response. At the contrary, electrodes closer to the two poles have bigger response. This
does not represent a big issue in low density configurations, but could make the analysis of the
response a little bit more complicated for high density probes. By leaving the negative reference
of the signal generator floating, the ring pole does not propagate an electromagnetic field, so the
stimulation can happen just on the tip of the probe.

6.1.2 Result and discussion
The signal chosen for the stimulation is a sinewave of 70 mVpp in amplitude with a frequency of
800 Hz. Intan technlogy interface software has been used to record the amplified signal from the
Intan amplifier and save the data. The Figure 6.5 reports its interface during a stimulation for low
density steeltrode.

Figure 6.5: Intan technologies software interface for the stimulation of a low density steeltrode

The channel circled in red is the stimulated electrode which responds correclty to the stimulation.
As can be noticed, some other channels present a slight response to the stimulation. That happens
because, even if the stimulus is far from the recording site, it travels trought the solution. In a
real brain environment this behavior simulates the response of other neuronal signals coming from
different regions of the brain, resulting in a noisy background. The latter can be recorded in a
worst case scenario where the stimulus electrode is placed close the probe in the middle of the
shank so as to be a noise source for most of the working channels. Thus, the baseline noise can be
measured and used to compute the SNR.
In Figure 6.6 is reported the result of this measurement for a 32 channels probe.
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Figure 6.6: Baseline noise for a high density tip steeltrode

One can notice that not all the channels are responding to the noise in the same way. For example,
channels 1 or 2 has very low response whereas channel 15 measures just 2 µV . This is due to the
fact that those channels are not working, so the measured noise is only the one introduce by the
electrical equipment. On the contrary, commercial probe does not have not working channels so
the response is uniform for all the channels as can be seen in the Figure 6.7.
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Figure 6.7: Baseline noise for a commercial high density probe (Plexon)

Anyhow, for the working channels the level of measured noise is in the range 10 − 12 µV in all the
cases.

The response of the single channel can be measured in the same way, by moving the stimulus
closer to the recording site. In the Figure 6.8 is reported the result in terms of amplitude and SNR
for the case of high density steeltrode. The SNR is calculated using the noise values previously
measured for each channel.

66



6. Stimulation for in-vivo characterization

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Channel #

0

50

100

150

200

250

300

350

400

A
m

p
lli

tu
d
e
 [

V
]

(a)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Channel #

0

5

10

15

20

25

30

35

40

S
N

R

(b)

Figure 6.8: Stimulation results for a high density tip steeltrode: a) amplitude, b) SNR

The measured amplitudes put in evidence how the response has a peak corresponding to the
stimulated channel, and then decreases by moving away form along the adjacent electrodes. In
other words it can be modeled with a gaussian. As for the baseline noise, the not working channels
do not respond to the stimulus, so they leave holes in the model.
Things are different for probes with electrodes disposed all along the shank because the distance
between two consecutive recording sites is huge and the stimulus, for those how are far, can be
considered noise. An example of low density channels probe stimulation is reported in Figure 6.9.
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Figure 6.9: Stimulation results for a high density shank steeltrode: a) amplitude, b) SNR

As can be seen, only one channel is resonding to the stimulus, all the other just record noise.

Another interesting way to use this characterization is to verify when that delamination are
actually happened after an ALT. The procedure is the same used for stimulate the recording site,
but, this time, it is used to check where there is the uncovered metal along the trace. For example,
in Figure 6.10, it is reported a case in which the delamination appears on the section of the trace
just close to the electrode itself.
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Figure 6.10: Synthetic stimulation to check the trace delamination

The black arrows indicate which is the channel under test. The response of the channel is bigger
when the tip of the stimulus is far form the recording site with respect to the case in which they are
overlapped. This happens because the delamination have left a section of the trace uncovered so it
works as a dummy electrode. Altough it is not always easy to phisically identify the delaminations
with this methodology, it has been noticed that a consistent number of those happen in proximity
to the recording site itself, probably because of the fragility of the Parylene at that interface.

This section concludes the discussion on the characterization of implantable neural probes. As
already mentioned, these procedures provide a more clear view on the quality of the implemented
devices and give insights to improve the design and the fabrication processes. Once proven that
the probe works properly, it can be used to directly record neuronal activity in-vivo on mice and
rats (small shank probes) or monkeys (longer shanks) in compliance with the regulations in force
on animals treatment in United States of America.
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Chapter 7

Conclusions

This thesis work is focused on post-fabrication improvements, as well as on packaging procedures
and characterization on different levels of functionality, of implantable neural probes for in-vivo
recording. This type of device can be used to study the brain activity more deeply so that new
treatments can be adopted for widespread brain diseases such as Parkinson’s or Alzheimer’s. At
the same time, invasive neural recording is the basis for every BMI, ranging from the use of
robotics arms for neuromuscolar disabilitate people to the commercialization of thought-controlled
interfaces for paralyzed people, passing through IoT applications.
The design of such devices consists of high density recording sites embedded in an implantable
shank ended by a larger back-end for the interfacing with the recording equipment. The back-end
is composed by metal pads connected with the recording electrodes through metal traces arranged
all along the shank and insulated by a polymer layer.
The main challenges of this technology are:

• using micromachining techniques on different materials other than those normally used in
photolithographic processes;

• making devices that are easily implantable and, at the same time, that do not cause damage
to the brain tissue;

To provide stiffness, stainless steel is used as a device substrate while a biocompatible polymer
called Parylene C is adopted as an insulator for the metal traces. In this way, the device is
flexible and rigid at the same time, free to be implanted without the need of external shuttles or
coatings. On the other hand, in order to get devices that can float inside the brain synchronized
with the micromotions, some completely flexible polymer-made probes are realized using the same
photolithographic mask. However, due to the extreme fragility of the flexible version, the latter
is mostly confined to characterization tests, whereas the stainless steel type is used for in-vivo
measurements.

The probes are released from the wafer using laser cutting along the edges: this operation leaves
burrs and impurities in the stainless steel substrate that might scratch the brain tissue during in-
cortex implantation, so that post-fabrication processing is requested. The improvements, in terms
of substrate roughness, can be obtained performing electrochemical processing on the device, using
the so called electropolishing technique. It consists of a charge flow passing between two electrodes
immersed in an electrolytic bath. The current promotes metal ions removal from the anode (i.e.
the probe) allowing to make the surface smoother. Different electrolyte solutions have been used
during this thesis work:

• Oxalic acid in DI water;

• Phosphoric acid and Sulphuric acid mixture.
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The two acid configurations have been tested in different current/voltage domains and good results
have been obtained using DC voltage in a two steps process for which low frequency roughness
peaks are removed in Oxalic acid while high frequency ones are polished in Phosphoric + Sulfphuric
acids mixture. Quantitatively it has been proved that this process allows to reduce the roughness
of about 50%.
Moreover, using the same polishing process for more time, it is possible to completely remove the
stainless steel from a section of the probe in such a way that the final result is a hybrid rigid-flexible
probe. This device has the advantage of being easily implantable (because the tip remains stainless
steel-based) and, at the same time, it causes small damages because it can move synchronized with
the micromotions thanks to the flexible section.

In order to characterize the devices from an electrical point of view, each of them has to be
packaged to provide both electrical interfacing and mechanical protection. Two different packaging
techniques have been adopted during this work:

• ACF flip-chip bonding for small back-end dimensions;

• ZIF connector-based technique for fast and in series packaging;

The two procedures have been optimized to get a high process yield, thus minimizing the bad-
connections fails. Moreover, the second technique has been adapted for flexible probe packaging
using Kapton tape to improve back-end stiffness in such devices.

Once the devices are correctly packaged, electrical characterization is necessary to test their
functionality before in-vivo operations. That can happen using Electrochemical Impedance Spec-
troscopy: it allows to measure impedance over a range of frequencies using an electrolyte solution
bath to replicate the brain environment (PBS), some electrodes and a potentiostat.
The main challenge here is to correctly interface the high density probe with the equipment in
such a way that each electrode of the probe is characterized indipendently from the other ones.
For this purpose, a digitally-controlled interfacing PCB board made up of 32 electromechanical
relays has been designed and fabricated. It allows to switch between all the channels making the
characterization procedure fast and reliable.
Furthermore, the same PCB board can be used in a tandem configuration to easily characterize
crosstalk response between all the possible combinations of probe channels.

Then, some probes are characterized in harsh aging conditions in order to understand which is
the corresponding time to failure, thus in terms of device functionality. This procedure is called
Accelerated Lifetime Testing. Among the conditions to increase the aging factor, the following
ones have been chosen:

• temperature increase up to 60 ◦C;

• temperature increase up to 60 ◦C and Hydrogen Peroxide in PBS solution;

In the first case, the temperature of the solution bath accelerates the process in such a way that
the metal traces and the Parylene C fail in a shorter amount of time. In this way it is possible to
know which is the mean time to failure of the device in a real recording environment: due to the
imposed aging conditions, the real time roughly corresponds to the time under stressed conditions
multiplied by a factor 5. In this case the first fail has been oserved after 40 hours, corresponding
to 200 hours of long-term neuronal recording operation.
On the other hand, the Hydrogen Peroxide makes the process even faster than the first case,
because it simulates the behavior of Reactive Oxigen Species inside the brain, creating a more
aggressive environment. The result is that the first fails have been observed just after 20 hours.
The metal failures consist of channels breaks along the shank, resulting in not working electrodes,
whereas the insulation ones are mostly delamination of the polymer above the trace, meaning that
the electrode is not able to record only on the exposed sites anymore. By collecting impedance
values of the defecting channels it is possible to do a statistical analysis on failures that can help
to identify them in further analysis.
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As last step, before the in-vivo characterization, a real-stimulus analysis is performed. In this
phase, the recording site is stimulated with a fake neuronal signal (represented by a generated
sinewave) using as a medium the PBS solution. The signal is then recorded from the probe
electrode (if working) and then amplified for the next analysis. Using this procedure one is able
to further verify the functionality of each electrode before surgery.

7.1 Future works
The carried out EP processes have shown that good results in terms of surface roughness can be
obtained with the two steps procedure presented in Chapter 2. However, the obtained results are
just a first step to improve the procedure in order to make it less aggressive and more effective.
A big further development in this sense could be to verify the functionality of the recording sites
as well as the metal traces, and so the probe in general, after the polishing process with EIS
and Synthetic characterizations. In particular, this has to be done for each of the two steps of
the process, in order to be sure that none of these imply a too aggressive effect on the fragile
probe sites. Furthemore, the bubbles appearence on the surface of the stainless steel might be
investigated more by performing multiple experiments in different polishing conditions. Based
on what has been found so far, one of the most important parameters that can be tuned is the
polishing process time: perhaps trying to put the electrodes closer in a controlled way could be
useful to speed up the process, thus reducing considerably the time.

For what concern electrical characterization, the measurement setup is now already optimized
in one electrode configuration. That means that multiple high density probes can be characterized
in series without the need of human control to switch from one electrode characterization to another
one. The same considerations are valid for crosstalk characterization setup. However, the latter
needs improvements in terms of quantification of crosstalk effect. In fact, so far, just the coupling
impedance between two electrodes can be measured easily and this provide limited informations
about the introduced noise level during the recording operation. In other words, could be useful
quantify the crosstalk in terms of signal on the "victim" trace by making propagate a dummy signal
into another trace.

Lastly, more ALTs can be conducted in other aging conditions, even different from the ones
presented in this thesis work. That would be useful to increase the number of cases and make a
more precise statistical analysis and, in addition, to test the functionality over time of the next
generation probes for which, inevitably, material and electrical features will change.
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