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Abstract

This thesis work, carried out at Nanofabrication facility of the
Molecular Foundry, a division of the Lawrence Berkeley National
Laboratory (LBNL), focuses in a Multidisciplinary project in-
volving the optimization of several nano-fabrication processes of
optical, electronical and mechanical parts of Multifunctional Op-
toelectronic Neural Probes aimed at high density parallel read-out
and control of the central nervous system for in-vivo experiments
in rats. The probe consists of a micro tip able to sense and stim-
ulate the brain tissue exploiting a set of electrodes for the read
out and an optical system to selectively excite neurons with high
temporal and spatial resolution. This work is focused on the opti-
mization of the design and the fabrication of the electrical layer,
on the etching processes, on the stacked integration of compo-
nents layers, on the electroplating of metal as well as carbon based
material. The results obtained consist on the integration of an
optical and an electrical layer with good performances and re-
producibility. The further optimization and development of such
devices will open the possibility to study neural networks with

higher spatiotemporal resolution in different areas of the brain.



CHAPTER 1

Introduction and State of the Art

This chapter will be focused on a introduction on the theoretical
background aimed to understand the purposes and the goals of
this project. An overview on the working mechanism of neurons
and on the state of the art of Neural probes will be given, in order

to understand the design and fabrication choices taken.

1.1 Brain and Neurons

With around hundreds of billion of neurons connected in net-
works trough 100 trillion of axional connections, the human brain
is today considered the most complex system known. [1] These
networks are in constant state of electrical and chemical activity,
thanks to which the body physiology is kept stable, and we can
sense the world around us, think and talk. The brain consists of
the cerebral hemispheres and the brain stem, the latter is divided
into hind-brain, mid-brain, and the diencephalon. Each of these

three parts have a fundamental role in the vital functions control:
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the hind-brain is an extension of the spinal cord and contains neu-
rons networks that control mainly breathing and blood pressure;
each group of neurons in the mid-brain seem to use predominantly
a particular type of chemical messengers transmitted up to the
cerebral hemispheres and it is thought these can modulate the
activity of neurons to mediate functions as sleep, attention or re-
ward. The diencephalon instead is divided in two very different
areas called the thalamus and the hypothalamus: the thalamus
transmits impulses from the sensory system to the cerebral cor-
tex, which in turns replies sending signals back to the thalamus.
The cerebral hemispheres consist of a core, the basal ganglia,
and an extended but thin surrounding sheet of neurons making
up the grey matter of the cerebral cortex. Packed into a limited
space, the cerebral cortex is folded up and weaves around the
skull to enable a much larger effective surface area. This cortical
tissue is the most highly developed area of the human brain, it
is divided into a large number of discrete areas, distinguishable
in terms of its layers and connection. The functions of many of
these areas are known, as the voluntary actions, language, speech
and higher functions such as thinking and remembering. However
the study of the functions of the cerebral cortex is still one of the
most exciting and active areas of research in neuroscience. [2]
The structure and function of the brain are most appropri-

ately understood, for our purpose, from the perspective of their
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highly specialized cells: the neurons, the interconnected, highly
differentiated, bioelectrically driven, cellular units of the nervous
system. [1] Moreover Neurons are classified in many different
ways, according to their functions, the transmitter they synthe-
size, and their shape. Their general shape and, in particular, the
number of extensions form the cell body are very important in
the determination on the way they are interconnected with the

surroundings neurons. [1]

1.1.1 Structure of a Neuron

The neuron, shown in fig.1.1, is composed by dendrites, a cell
body, an axon and synaptic terminals (axon terminals). This
structure can be analysed from a functional subdivision into re-
ceiving, integrating and transmitting components. Roughly speak-
ing, the dendrites receive, the cell body integrates and the axon
transmits, trough a process called polarization.[2]

The dendrites, or dendritic trees, are tree shaped extension
with their trunks directed toward the cell body in order to max-
imize the input signals that the neurons can receive. Once the
signals arrive to the cell body, from the nucleus, placed inside,
an electrical impulse starts, called action potential, which travels
through the axon.

The axon (outgoing channel of a neuron) carries information
away from the cell body toward its output terminals. Once the

signal arrives to the axon terminals it is transmitted trough the
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Figure 1.1: Typical nerve cell, or neuron, structure. Credit [3]

synapse. The synapses are regions where the axon contacts the
dendrites of other neurons and can be either chemical (release of
neurotrasmitters) or electrical in nature.[4]

Therefore all neurons’ physiological activity is both electrical
and chemical. Once stated the neuron receives the information
from multiple synapses by the dendrites in form of chemical sig-
nals, they are then transformed into electrical signals (ionic cur-
rents) that are added or subtracted to the other coming from all
the other synapses. [2]

In order to understand how to monitor and control the activity
of a neuron the working principle of the electrical transmission
of information carried by the axon, the role of the Cell mem-
brane and of the Intrinsic membrane proteins deserve a deeper

explanation.
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1.1.2 Action Potential

The membrane of the nerve cell is surrounded by an extracel-
lular and an intracellular fluid containing ions at different con-
centrations and it is semipermeable to some Ions (Na® and K™
in particular). There is a greater concentration of sodium ions,
Na™, outside the cell and potassium ions, K, inside, in order to
maintain the different concentrations the cell have to spend en-
ergy. A steady state condition can be defined, for a non-signaling
neuron, when the existence of the two fluid with different concen-
trations of Ions separated by the cellular membrane generates an
equilibrium potential difference across them. The latter is called
"resting potential”, it is conventionally measured considering the
outside solution as ground and his value is around —70mV. Dur-
ing this condition because of the gradient of concentration there
would be a constant leak of K ions toward the outside of the
cell and a leak of Na* toward the inside, this diffusive flow is bal-
anced by the effect of Sodium-Potassium pumps (intrinsic mem-
brane proteins) able to push the ions to maintain the gradient
concentration exploiting the energy released by the hydrolysis of
ATP. Then thanks to the presence of other intrinsic membrane
proteins, triggered by changes in transmembrane voltage called
Voltage gated channel, if the potential inside the cell changes to
a certain threshold these particular channels are able to control

the flow of ions. Na™ gated channels typically open for a poten-
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tial around —55mV and close for a value around +40mV, and the
K™ channels open if the potential gets lower then around —80mV

and close at +40mV'. [4]
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Figure 1.2: Schematic representation of the Action Potential. Credit [5]

Therefore when the potential inside the cell increase, due to an
injection of positive charge in one end of an axon, it may overcome
the Na™ channel threshold opening it, typically +15mV, giving
rise to the so called ” Action Potential”. In this case sodium ions
will flow into the cell thanks to both the concentration and the
electrical gradients increasing more the potential in that point,
leading to a rising of the potential up to the threshold also in
adjacent portion of the membrane. This mechanism let the ”de-
polarization” to spread . The potential will keep raising until the
40mV threshold is reached, at this point the Na™ channel close

7
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and K channel will open letting potassium ions going out the
cell (polarization). Then the potential will drop until the —80mV
threshold, where the potassium channel are closed and the poten-
tial will come back to the resting value of —70mV . This mech-
anism gives rise to the intracellular active potential spike, in fig.
1.2. [5] When the Na* channels are closed, additional depolar-
izing stimuli will not lead to further action potential, "refractory
period”: this is why the spike, and consequently the information,
propagates in only one direction. [6] Moreover the process allows
the electrical perturbation on the membrane to be restored every
time an adjacent voltage gated channel is activated, and so it lets

to the pulse travelling across the axon to not loose its amplitude.

1.1.3 Synapses

Once the action potential, after it has travelled trough the whole
axon, reaches its terminal where there is a gap between the nerve
ending and the dendritic spine of the next cell, the electrical cur-
rents responsible for the action potential can’t overcome the gap.
The latter region is the called Synapse, it consists of a presynap-
tic nerve ending in the axon, a small gap, and the postsynaptic

component.
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Figure 1.3: Representation of a chemical synapses. Credit [7]

Chemical synapse In chemical synapses the information transit across
the gap is accomplished by chemical messengers called neuro-
transmitters. At the end of the axon, in small vesicles, neuro-
transmitters are stored. The arrival of the action potential leads
the entering of calcium (Ca™™), opening the respective ion chan-
nels, that activates enzymes acting on presynaptic proteins re-
sponsible of the fusion of the vesicles with the cell membrane
with the consequent release of the chemical messengers. Trough
a diffusion mechanism the neurotransmitters are able to cross the
gap, called synaptic cleft and with a dimension of around 20nm.
Once arrived in the dendritic spine they interact with synaptic
receptors placed in the membrane of the next neuron, as shown

in fig. 1.3. This interaction generally causes the opening of an
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Ion channel, for the Ionotropic receptors, causing the previously
explained cascade of signal in the membrane’s channel, the action

potential. [2]
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Figure 1.4: Schematic representation of an electrical synapse. Credit [8]

Electrical synapse 1hanks to the continuous research that have been
done in the neuroscience field, it has been evident that neurons
communicate with direct electrical connections as well. In this
case the ionic currents can flow straight out from one neuron to
the next one through channels, called gap junctions, as shown in

fig. 1.4. [4]

1.2 Brain Devices and state of the art

In the following a motivation, based on the researches and on the

technological developments carried out in the last decades, about

10
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the rising of studies on neural probes will be given.

From the early beginning of the new century, in first sixteen
years the numbers of death due to neurological conditions as
Alzheimer, Parkinson, Epilepsy and other neurological diseases,
has more than double from 1,053,170 to 2,342,560 death esti-
mated according the World Health Organization [9]. This has
raised the interest in the development of new technologies and
strategies with the purpose to investigate the central Nervous sys-
tem. Moreover the new advances in the field of rehabilitation and
medical care for paralyzed patients in the area of neural prosthet-
ics or orthotics, in order to restore function lost due to damage
to nervous system, have gained an increasingly large interest. [5]
The main idea is to exploit a device able to sense and /or stimulate

the electrical activity of neurons.

1.2.1 Invasives vs Non-Invasives

Current techniques to record the action potential of nervous cells
range from single neurons up to sensing superimposed neural
activity of large population of neurons. These techniques vary
in spatial and temporal resolution and invasiveness. The low-
est spatially resolved information can be obtained non-invasively
using Electroencephalography (EEG) on the scalp or Magnetoen-
cephalography (MEG), both reflects the activity of large neuronal
populations. Similar signals, going at higher spatial resolution as

shown in fig. 1.5, can be recorded trough regular grids or stripes

11
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of electrodes implanted subdurally on the surface of the cortex,
this invasive technique, called Electrocorticogram (ECoG), re-
flects synaptic inputs of the neuronal population beneath each
electrode.

Increasing the invasiveness as well as the resolution, implant-
ing microelectrode arrays into the cortex enables the possibility
to record the extracellular potential capturing spike signals and
local field potential in the vicinity of the electrode tip. From these
strategies three kind of signals can be derived: Local Field Poten-
tial (LPFs), Multi unit activity (MUA) and Single unit activity
(SUA). LFPs, as the previous techniques, give back analog sig-
nals, and they are extracted by low-pass filtering (<ca. 300H z).
Instead SUA and MUA measure spiking activity of discrete events
in time, they are obtained by high-pass filtering of the extracellu-
lar potential (>ca. 300H z) with the difference that the first one
are processed with spike detection and spike sorting mechanism,
assigning each spike to its corresponding neuron, and the second
one is not processed so the signal is made of spikes originating

from multiple neurons. [10]

12
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Figure 1.5: Schematic overview of the recording techniques. Credit: [10]

Therefore despite having a common source, there are mainly
three differences between invasive and non-invasive signals that
can be underlined. First of all the number and type of neurons:
since the electric field produced by neurons decay exponentially
with distance, the number of superimposed fields produced in a
confined area of simultaneously active neurons is, for example,
magnitudes smaller for LFP than EEG. Hence with EEG the ac-
tivity of small neuronal clusters have a lower Signal-Noise Ratio
(SNR), and so almost undetectable. In addiction EEG signals
are composed for the great part by fields coming from pyrami-
dal neurons, since their morphology and their high presence in
the cortex allow to fields to add up and reach the scalp. Second,
the signal composition: tissue acts as a low-pass filter attenu-
ating high-frequencies signal components, therefore non-invasive

recording allow just low-frequency activity analysis (<~ 90H z).

13
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Instead invasive recording techniques convey information up to
several K Hz. Third, spatial distortion: since the extracellular
space is composed with media having different electrophysiolog-
ical properties, this influences how fields spread. Moreover the
celebrospinal fluid, skull, and scalp add further spatial distortion
before reaching an EEG electrode. These limitation are intrinsic
in non-invasive techniques and can not be overcome, but however
the latters allow to monitor large-scale neuronal activity of the
entire brain at low cost and risk-free, vice versa invasive record-
ings can be deeper and can cover an higher frequencies range high
with higher spatial and temporal resolution being more localized
and more laborious. [11]

In general, it seems that non-invasive recording techniques,
such as Encephalography (EEG), allow gross measurements of
the brain electrical activity: in order to enable detailed studies
of individual neurons, for basic neuroscience, and to ensure an
higher control of prosthetic devices, in the field of Brain Machine
Interface (BMI), advances have been made to provide high selec-
tive invasive transducers with ideally one-to-one site-to-neuron
correspondence. To achieve this goal two areas of science have
been working together in last decades: Neuroscience and Nan-

otechnology. [5]

14
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1.2.2 Devices state of the art

As previously said in order to satisfy certain properties, as high
resolution and high SNR ratio, devices acting as neural transduc-
ers to detect changes in the electrical potential associated with
active neurons and to stimulate an activity sending a current
through the tissue have been studied. One of the first device
thought for detailed studies on single neurons is glass microelec-
trode, back in 1920s. [5] These microelectrodes were made of
glass capillary tube with a very fine tip, < 2um in diameter,
filled with an electrolyte solution. When tip is brought in contact
with a nervous cell membrane, the application of pressure can
break the membrane providing an electrical measurement from
the interior part of the cell respect a reference electrode outside
the cell. Around 1950s, the first metal wire microelectrodes were
fabricated. They consisted in a metal (usually tugsten) wire elec-
trolytically etched and then insulated up to the tip. These tech-
niques are able to record an extrtracellular signal. In general these
kind of devices had some limitations: it was difficult the inser-
tion of a large number (> 30) of them in a small volume of tissue,
complications in long-term experiments on freely moving animals,
and they were usually hand-made by so the reproducibility of
the device in terms of dimensions and electrical characteristics
of the tip was very low. [5] The development of microelectron-

ics technologies gave the possibility to overcome the hand-made

15
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and scalability fabrication problems improving accuracy and re-
peatability with the introduction of silicon-based microprobes to
interface neural tissues. The first device of this family was pro-
posed by Wise et al. [12] in 1970s. It was made of an array of
gold electrodes, on a silicon carrier, covered with 0.4um of silicon
dioxide then selectively removed at tips using photograving tech-
niques in the recording areas for extracellular signals.

Nowadays micromachining technologies enable the fabrication
of devices with submicron features, however micromachined mi-
croelectrode devices seems to be limited in the availability of de-
vice technology, supporting technology and practical expertise.
In addition to these devices aimed to establish a neural-electrical
interface, another aspect is necessary to be taken into account:
the role of neurochemical signals in synapses, which is gaining
interest since several brain disorders are attributed to their dis-
turbed balance.[13] Neural-chemical interfaces monitor and mod-
ulate neurons activity by detecting neuro-chemical, such as neu-
rotransmitters, and by delivering chemical therapeutic elements.
More recently, polymeric microprobes have reached high interest
thanks to their simple fabrication process, their flexibility and
biocompatibility.[14, 15, 16, 17]. For example, developed poly-
imide based neural probes are flexible and mechanically resistant
with electrodes in both side or microtank and microchannels for

targeted drug delivery.
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1.2.3 Neural Probes State of the art

As discussed before invasive device have some advantages in cases
requiring a one-to-one interface with neuron ensuring high signal
quality. Moreover thanks to the rapid development of microelec-
tronics fabrication technologies, devices that minimize the inva-
siveness, in dimension also with the use of biocompatible materi-
als, have reached popularity. The most popular invasive technique
is based on the application of multielectrode devices penetrating
in the brain cortex. [13] The progression of silicon based devices
allowed the development of two main approaches, on the device
general structure, based on the fabrication point of view: out-of-

plane Utah-type and in-plane Michigan-type.

e Utah-style pillars array have proven their potential in neural
activity recording even in human experiments. Bhandari et.
al. [18] described the novel fabrication concept of Utah elec-
trodes: the arrays are micromachined from a thick (> 1mm)
silicon substrate. electrode columns are formed by dicing of a
grid, further wet chemical etching provides smooth pillars and
sharpened probe tips. The metallization is performed usu-
ally with a lift-off process, then they are electrically isolated
by deposition in LPCVD, and finally the tips are released
or deinsulated in Oy plasma exploiting a photoresist mask.
Their use is limited due to the fabrication process itslef, since

probe length is limited by the thickness of the wafer; therefore

17
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application are restricted on cortical studies.[18] An example

is shown in fig. 1.6

Metalized ti

Insulation Sjlicon

Contact pad

Figure 1.6: Utah-style probe with representative SEM images and a cross-sectional schemat-

ics. Credit [13]

e Michigan-style planar microelectrode arrays, istead, can
benefit more from the recent developments in semiconduc-
tor industry. Conventionally their micromachining is based
on thin film deposition and patterning of the deposited lay-
ers by photolithographic techniques to define recording sites,
leads and bonding pads in order to interface both neural tis-
sue and external signal processing units. Michigan probes
have been successfully used in several neuroscience applica-
tions, also if they still suffer from some disadvantages related
to limited thickness (> 15um) and length (> 8mm), but at
the same time their fragile geometry is advantageous because
of reduced cell damage during insertion.[13] An example is

shown in fig. 1.7.
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Figure 1.7: Michigan-style probe with representative SEM images and a cross-sectional

schematics. Credit [13]

In order to meet the biocompatibility demand, the implanted
microelectrodes should not cause toxic or immunologic reaction,
should not destroy or compress adjacent cells or tissues and should
be stable in long term without encapsulation. It is possible to
influence the electrodes design and implantation parameters to
reduce the mechanical impact, which is one of the most domi-
nant reason for short term immune response. Moreover micro
and nanoscale modification of surface properties can contribute
in an efficient way to delay or control the immune response of the
surrounding tissue.

In a macroscopic view neural tissue is exposed to considerable
mechanical impact when the probe is inserted. The magnitude
of such impact depends from different parameters such as the
geometrical properties of the probe, the electrode configuration
and the circumstances of the surgery. The traumatic brain injury
(TBI) should be avoided, minimizing the brain tissue compres-

sion, because it eventually results in cell death due to the cortical
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layers blood circulation disorder caused. The compression can
be quantified by the tissue dimpling value, it is defined as the
depth covered by the probe tip from touching the tissue until the
penetration moment. The probe as well should withstand the ax-
ial force (penetration force) exerted during the insertion into the
brain tissue. The buckling force, of specific electrodes designs,
can be predicted applying the Euler-Bernoulli beam theory, it is
a very important parameter to be taken into account since it is
one of the fundamental failure modes during microelectrode im-
plantation; therefore devices should be designed such a way this
value well exceed the range of penetration forces.

On the other hand, in a mirco- and nanoscale point of view long
term signal recording in chronic experiments is currently limited
since an immune reaction starts surrounding the probe, view as
a foreign body, with the so-called glial scar. As a result the elec-
trical coupling between the recording sites and the extracellular
space is gradually changing because of the isolation performed by
the glial sheath. Surface modification techniques is one of the best
strategies to delay the above mechanism. The effect of texturing
the substrate material, trough a wide variety of etching processes,
has been investigated by exposing nanostructures Si surfaces to
several type of neural cell culture. These studies revealed that
nanoscale roughness is advantageous in promoting cell adhesion,

and reduction of immune response. [13]
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In 2002, Norlin et al. [19] were able to develop a 32-site neural
recording probe with multiple shanks. Starting form a Silicon-
On-Insulator substrate the shanks were released by a double-sided
deep reactive etching using the Si0, layer as etching stop. On
top of these shafts, of dimension 5mm x 25um x 20um, by e-beam
evaporation Au conductor traces were created, ending in 100um?
Ir electrodes. The interconnect and packaging solution, based
on flexible printed circuitry, provides a well adapted devices to
the requirements of neuroscientists. [19] However, the trend in
the last years is following the scaling of probe design in order to
increase the number of recording sites and develop a complete
system for neural recordings. In 2011 Stevenson and Kording
[20] firstly stated that the number of simultaneously recorded
neurons approximately doubles every 7 years, following similarly
the Moore’s law for the exponential growth of numbers of tran-
sistors in integrated circuit. The delay, respect the advances in
integrated system technologies, have to be found in a lack of sim-
ilar economic drives and industrial support together with some
technological step to be overcame in scaling sown process, like
cross-talk, electrode impedance and thermal noise. [21] Despite
this, many type of probes have been introduced with the possi-
bility to establish more precise computational models of neural
networks, combining deep-brain optical imaging and high-density

electrophysiology. [13]
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Figure 1.8: Schematic of probe with Electrical recording site and integrated waveguide for

optical stimulation, proposed by Cho et. al.[22]

For example Cho et. al. [22] in 2010 proposed a 16-site neural
probe integrated with a waveguide for optical stimulation. This
device have been designed in order to selectively stimulate target
neurons trough the light from an integrated waveguide and also
monitor extracellular neural signals thanks to the recording sites.
The probe proposed by Cho is shown in fig. 1.8

The optical waveguide is composed of a SU-8 core and an oxide
cladding, an U-groove has been created on the silicon substrate to
ensure a correct alignment with an external optical fiber. The fab-
rication process of the device have been modified from a standard
Michigan approach in order to integrate a bottom cladding layer

under the waveguide core. [22] The 16 Ir electrodes are placed
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close to the light spot to monitor extracellular signals during the
optical stimulation. The total thickness of the shank is actually
maintained below 20um in order to not induce any additional cell
damage during implantation. [22]

The last device was an example of how in the last years probes
with several integrated investigation elements have been designed
and fabricated. The ability to both stimulate and record the elec-
trical signals in neurons with a single device, called ” Multifunc-
tionality”, has been a central point for implanted devices over a
decade. [23] The main three approaches, with which the monitor
and the modulation of neural activities can be carried out, are:
Electrical, Optical and Chemical. The combination of the three
constitutes a complete interface between the device and the neural
tissue. Although the blood-brain barrier makes the development
of pharmaceutical treatments for brain disorders difficult. The
blood-brain barrier is an high selectively semipermeable border in
the brain blood vessels, made of specialised endothelial cells. [2]
Even though the difficulties in interacting chemically with neural
activities, some probes are also equipped with an on-chip feed-
back and control of local drug delivery, as demonstrated by Li et
al. [24] and Papageorgiou [25]. Multifunctionality in probes de-
velopment promises the ability to monitor the neural tissue and
to respond with an appropriate pharmaceutical or therapy in real

time, this particular approach is known as ” Closed-loop control”.
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[23] However the real challenge is to to integrate more than one
of these modalities in a small volume, to ensure multiple func-
tionalities without sacrificing spatial or temporal resolution and
to minimize the chronic immune response.

Another limitation to be taken into account is the fabrication
compatibility of different monitor or control modalities in the
same device. In order to investigate this point, in the following

an overview of two strategies used in neuroscience is carried out.

1.3 Electrophysiology and Optogenetics
1.3.1 Electrophysiology

Electrical Interfaces have been adopted extensively in neuroscience
as tools to study neural Electrophysiology. This field is known as
the ”gold standard” for the investigation of neural signaling, and
it embraces all the manifestations of the nervous system func-
tions, from the molecular to higher level activities, such as cogni-
tion and behavior. [13, 26] The link between the nervous system
and the electrical activity was already discovered by Galvani 200
years ago. Electrophysiology allows to read directly the neurons
activity with an extremely high signal-to-noise ratio exploiting
metal, glass or silicon electrodes that are able to record electrical
signals coming from ion fluxes across electrogenic cell membrane.
[26] Moreover the key point of electrophysiology is the ability to

record directly the electrical activity, without the need to trans-
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form it into a different signal. This is, at the same time, its
weakness since in order to have an electrical access to the ner-
vous system a physical contact with the tissue is required. [26]
Electrical interfaces, such as patch clamp devices, have been stud-
ied, they typically consist of electrodes in contact with nervous
cells that modulate their surrounding ionic environment (via ac-
tion potential) giving rise to collective ionic variation which can
be transduced into electrical signals via the electrodes. [23] The
resulting interface can be modelized with an equivalent electri-
cal circuit shown in fig. 1.9. When action potentials propagate
through a neuron, as already explained, the opening of ion chan-
nels in the membrane creates a local imbalance of charge. [23]
This generates the already cited Local Field Potential, in the fig-
ure e, that is then transduced by the neural-electrical interface.

The interface can be described with:

e R.: Electrode material resistance;

e (.: Electrode double-layer capacitance;

e R, seal resistance;

then the biological fluids and the electronics:
e R,: Physiological buffer resistance;

e R,,: Metal (trace) resistance;

e (;: shunt capacitance;

e /.. Amplifier impedance;
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Figure 1.9: Schematic representation of a neural electrical interface. Credit: [23]

and if the system is well-designed the latters can be typically
neglected.[23] One of the big limit of planar electrodes arrays has
been minimize the electrode impedance to obtain a high enough
signal-to-noise ratio, specially when dealing with their scaling

down. The impedance:

1
Ze :Re ; 1.1
e (1.1)

results to be high for reduced electrode surface area, since C,
Aclectrode- [23] In order to solve this problem nanostructured mate-
rial have been widely used to cover the electrode, since nanostruc-
tured materials have an higher effective surface area the electrode
capacitance will increase thus reducing the electrode impedance
Ze.. In 1980 the first report exploiting this technique appeared,
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using electrochemical platinum deposition onto gold electrodes
leading to a gain in signal-to-noise ratio. [23] Nanostructured
platinum has features ranging from 10s to 100s of nanometers,
commonly know as Black Platinum, and it presents poor me-
chanical stability. This is why material with higher mechanical
stability such as iridium oxide, titanium nitride or nanostructured
gold have been introduced. [23] However, facing the small surface
area does not eliminate all the problems. In fact one of the main
hurdle to overcome in electrical monitoring is the already cited
foreign body reaction after implantation: local inflammatory re-
sponse leads to a coverage of the electrodes by astrocytes that
deposit an extracellular matrix to create a protective barrier that
screens the signals coming from the neurons. In order to solve
this problem, there are promising results utilizing nanostructures
to directly control the adhesion of neural cells over the mate-
rial surfaces. Conductive polymers (PEDOT) have also received
attention thanks to their ability to form stable layers through
electrochemical deposition. [23] Then, it is straightforward that
the noise sources are essentially instrumental and the SNR has
been maximed by the use of low-noise headstages and amplifiers,
as well as the gigaohm seal of the patch-clamp technique, that
allow to resolve the opening of a single ion channel. [26].

As previously discussed, the extracellular spike amplitude de-

creases rapidly as function of distance, however thanks to an high

27



Multifunctional Neural Probe

number or recording sites a large number of neurons can be sensed
in parallel and moreover two o more recording sites allow for the
triangulation of the neuron. [21]

However, in vivo electrophysiology alone is not able to link
specific cell types, therefore defining genetically modified cells
and combining electrophysiology recordings with optogenetics has
became an important techonolgigal integration: for exaple, op-
togenetic stimulation of specific cell type during multiunit ex-
tracelullar recording make the determination of circuit physiology

effects feasible. [23]
1.3.2 Optogenetics

Optogentic has become a powerful tool for neuroscience in the
study of neural tissue. It consist in the use of light to control neu-
ral cells that have been previously genetically modified in order
to express light-sensitive ion channels. [23] It can be exploited
for both monitoring and modulating the neural tissue. In first
case, the use of light prevents the need of a direct physical con-
tact with the tissue, because light can travel through biological
tissue. This could even replace electrodes in electrophysiology.
[23] Light does not interfere with neural functions and its appli-
cation leads to several advantages: high spatial resolution, with
the possibility to resolve even the smallest neural structure; si-
multaneous measurement from a wide range of spatial locations;

and most of all the access to specific cells subtypes and subcel-
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lular domains. When investigating neural functions using light a
reporter must be used, which typically is a molecule that converts
the meembrane potential into an optical signal. This gives an in-
direct optical measurement, and therefore an accurate calibration
is required for a quantitative measurement. [23] In imaging the
measured signal, the photon flux, come from the conversion of
the electrical signal into photons and it is normally observed as a
change in fluorescence.

On the other hand Optogentic can be exploited for optical mod-
ulation, it is dictated by the genetic expression of light-activated
transmembrane ion channels (opsins) in targeted neural cells. It
allows to the optical stimulus to selectively modulate the neural
activity of specific sub-population of defined neurons, genetically
modified. [23] During this technique the neural interface should
deliver light at the sub-population of neurons at the minimum
required irradiance. Light-activated ion channels generally re-
spond strongly to visible light, then within a few hundreds of
micrometers scattering effects through the neural tissue become
increasingly significant togheter with substantial attenuation of
the stimulus. A solution could be exploiting longer wavelengths
to perform two photon stimulation, increasing the penetration
depth, thus it would reduce the absorption volume but single
channel conductance of individual opsins is generally low and

has fast kinetics, so multiple opsins in a larger volume need to
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be stimulated nearly simultaneously to induce an action poten-
tial. [23] The use of commercial optical fibers coupled to external
light is often exploited, however they have some drawbacks: their
fragility, restrict movements, not possible to perform multi-site
stimulation and they are not compatible with microfabrication
techniques. Instead, microscale waveguides can be easily inte-
grated with microfabrication techniques and can be coupled with
external light source. They can fabricated using oxynitride of
SU8 ans then can be multiplexed into Michigan or Utah style
probe. [23] Other solutions consist to deliver optical stimulation
through the direct implantation of micro-LED of Gallium Nitride
on a sapphire substrate: they can be designed in a variety of ge-
ometries to improve spatial resolution and to modulate a large
volume. But, LEDs have to be placed in proximity of the target
cells and, moreover, the thermal management of the device can
be an issue for the thermal fluctuations around the micro-LED,

providing a non stable stimulation wavelength. [23]
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CHAPTER 2

Neural Probe at the Molecular Foundry

In this chapter a detailed description of the Neural Probe
designed and developed at the Molecular Foundry will be given,
with a special interest at the purposes and goals of the device,
following a step by step description of the existing fabrication
processes [33], the improvements and the optimizations developed

in this thesis work.

2.1 General Description

The purpose of this project is the study and the understand-
ing of the communication dynamics between different layers of
nerve cells in the cerebral cortex at single neuron level. These
intentions have driven the work toward choices of design and ma-
terials focused on the minimal brain damage, biocompatibility,
and high density of recorded cells. In order to achieve these goals
a thin device able to penetrate the brain tissue, to stimulate ge-

netically modified neurons at a certain wavelength and to record
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Electrical system

Optical system

Figure 2.1: Stacked layers representation: Optical layer, with waveguide, ring resonator and

focusing grating in the bottom, Electrical layer on top.

the action potentials have been designed. The solution found is
the developing of a Michigan Style device.

With respect the big variety of these kind of devices present
in literature, the step forward of this project is to push the limit
of the existing technology to increase the integration complex-
ity of neural probes, hence consistently increasing the population
of neurons that can be studied in one single experiment exploit-
ing Electrophysiology and Optogentics as main strategies in the
investigation of the brain.

The implementation of the two latter investigation approaches
have been carried out integrating them in two stacked layers of
the device: the optical components as waveguides, ring resonator
and focusing grating, bottom layer, and the electrical circuitry
made of gold wires and electrodes, top layer, as shown in fig.2.1.
This solution have been chosen in order to achieve the multifunc-
tionality, hence the possibility to both stimulate and record, in a
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Figure 2.2: Top view of the probe with electrodes.

confined space.

As shown in fig. 2.2 the probe can be divided functionally
in two main parts: the external part and the shank. The ex-
ternal part, the one that will remain outside of the tissue, has
the function to interface a Printed Circuit Board (PCB) and an
Optical Fiber in order to provide respectively an electrical and
an optical source connections to the main components of the de-
vice. Its dimensions are 2200um in length, 1300um in width and
around 530um in thickness, chosen to ensure a good handling of
the device, to contain 64 gold electrodes to be connected with an
external PCB and the a central groove for a correct positioning
of the couple optical fiber.

The shank is the most important and delicate part of the probe
since it has the active role of the device: to be inserted in the cere-
bral tissue and to perform the device’s functions. That’s why it
has been designed in order to ensure a good mechanical stability,

to not be broken when inserted, and optimized geometry to mini-
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mize the brain damage. Starting from the end of the external part
the probe is tapered in width from 1300um to the final 50u of
the active part, that presents 25um in thickness and around 1mm
in length. Furthermore the end of the shank is tapered again in
order to ensure a sharp tip for the penetration of the tissue. The
active part is composed of: 64 gold electrodes for the sensing of
neurons’ action potential; ring resonators and focusing gratings
respectively for the selection and the illumination of the different
light spots that stimulate certain zone of the tissue.

In the following a detailed description of the electrical and the

optical layer is carried out.
2.1.1 Optical Circuit

The main component of the optical layer, as discussed before, are
waveguides, ring resonators and focusing gratings. They are made
by a Si3N, core and Si0O; cladding in order to propagate visible
light in the blue range, at 450nm, that is the the wavelength
needed to activate the transmembrane ion channels, expressed
trough the genetically modification of neural cells, Channelrhodopsin-
2 (CHR2) [34], ensuring low absorption losses. The choice of
Si3Ny as core is driven by its optimal optical properties for this
working range: thanks to is high refractive index of around 2.02,
respect the one of silicon dioxide (1.47 at 450nm), it allows a good
confinement with low propagation losses.

The optical circuit, as shown in fig. 2.3, is mainly made of a
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Figure 2.3: Schematic representation of the optical system.

central waveguide that starting from the groove, in the external
part, runs through all the probe. When it reaches the shank, it is
coupled to several ring resonators which in turns bring the light
to secondary waveguides up to the respective output gratings able
to to focus light in a few microns spot at a certain distance. A
detailed view is shown in fig. 2.4. Thanks to this design choice,
switching the input wavelength one is able to light selectively
different spots, corresponding roughly to different cortical layer.
The light sorting system between the different output is based
on a resonance effect happening in the rings. The whole optical
system have been devoloped through simulation done using the
software Lumerical®, that implements a Finite-difference time-
domain (FDTD) solver. [33]

In the following particular description of each component and
the physical working principle of the whole optical system will be

given.
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Figure 2.4: Detail of the a secondary waveguide, and its output grating, coupled through a

ring resonator.

The Waveguides are designed to run through all the probe:
form the external part, where the main waveguide is coupled with
an optical fiber in the groove, to the shank where several sec-
ondary waveguides are present. Each waveguide is 160nm thick
in order to obtain a single mode propagation of the light, and
4pm in width in the largest part, to ensure an easier coupling
to the optical fiber (around 4um core), up to 300nm wide in the
smaller part. The way the light is directed between the different
optical paths is based on a coupling effect that occurs when the
waveguides are placed in proximity with each other. The physi-
cal mechanism can be explained considering this coupling effect
for two straight waveguides. Considering two identical parallel
waveguides separated by a gap, as in fig. 2.5, solving Maxwell
field equations one is able to find the propagation modes. As-
suming two identical waveguides, both single mode and weakly
coupled, if the gap is small enough the mode in one waveguide
can propagate on the other one next to. Solving the following
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Figure 2.5: 1D coupler schematic representation.

wave equations for each waveguide, the solution turns out to be

a linear combination of the modes of each waveguide:
A¢r + (kgn(2)® = 5%)d1 = 0 (2.1)

Ay + (kgna(z)? — B2 =0 (2.2)

where referring to fig. 2.5, 5 is the propagation constant of the

mode and n(x) in the transversal non-homogeneous refractive in-

dex. Performing further mathematical calculation, the following
system can be obtained:

ai(n?,, — N%.) + bik =0
If Ir (2.3)

where n.sy is the effective refractive index of the modes; k is the
coupling coefficient; N.¢; is the ratio between the propagation

constant J of the mode and the coupling coefficient k; a and b

are constants. Due to the identical waveguides assumption , k
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appears in both equations. For homogeneous systems the non-
trivial solutions are given when the determinant is equal to zero.
So

2 2

(&

finally adding the normalization conditions the two fundamental

modes of the system can be found:

T = i(opl + o) TR0V ek (2.5)

[\

W, = %(asl — go)e IV (2.6)

where ¢; and ¢, are the fundamental modes, as shown in fig.
2.5. From this results it can be seen that the coupling coefficient
k affects directly the propagation constant of the mode ¥; and
also regulate the power transmitted to the second waveguide. If
k is small ¥y and W, have similar wavelength and velocity and
their superposition gives back the mode ¢, this means that the
mode can be fully transmitted in the second waveguide after long
distances, while an high k£ allows to the transmit the full power
in short distances.

In our case the coupling happens between a waveguide and a
ring, and not between two straight waveguides, although this the
coupling coefficient k keeps the same qualitative role. Therefore
it is important to analyze this parameter to consider it in our

different case:
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Figure 2.6: Sorting system mechanism: each ring resonator, of different diameter, enters
in resonance for different wavelength. Then through the grating the light is focused at a

certain height h.

k= / /A 62(A(nd)7dS (2.7)

where ns is the refractive index of the second waveguide. Equa-
tion 2.7 shows that k£ comes from the overlap of the two wave-
functions. It mainly depends on the gap between them: a small

gap ensures an higher overlap and so an higher coupling.

The Ring resonators are the optical elements that allow to
light sorting mechanism between the several secondary coupled
waveguides, that at the end will drive the light until the focusing
grating. The rings coupled to the principal waveguides, according
to the principle discussed before, act as resonators. The sorting
mechanism depends on the wavelength, as shown in fig. 2.6: de-
pending on the ring’s diameter, for certain wavelegnths, it goes
in a resonance state ad it is able to select a specific frequency in

order to activate or not a specific output grating. Generally a
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Figure 2.7: Ring resonator working principle.

ring resonator is a simple structure working as a filter for specific
frequency.

The coupling between the waveguide and the ring can occur
for a large range of frequencies due to its circular shape, but al-
though the big coupling range the establishment of a stationary
wave in the resonator can happen only if the incoming wavelength
is a submultiple of the ring’s circumference: only in this case the
wave can constructively interfere with itself. This principle is
shown in fig. 2.7.

Considering two waveguides and a resonator in between them,
and assuming a unidirectional, lossless coupling and a conserva-

tion of the polarization during the power transfer, the transmitted
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power P can be defined as:

11—t = 6]
B = (L= 101 = [1aP) 2.8
1—Oé|t1‘ |t2‘

where a takes into account the power lost in the ring, mainly

fue to curvature losses, ¢t and ¢, are the transmittance coefficients
of the two waveguides. The transmitted power Py tends to one if
t1 =ty and a = 1. In real systems it is practically impossible to
achieve o = 1, close values can be obtained for large curvature of
the ring, moreover experimental losses may be due imperfection
or anisotropies coming from the fabrication process and cannot
be taken into account during the simulation phase.

An important figure of merit describing the ring resonator is
the Free Spectral Range (FSR), that is the difference between the

wavelengths corresponding to two resonant conditions:

2 (0B -

if difference in waveleghnts A\ is small enough so that the
variation of 8 with respect to A can be neglected, the expression

can be simplified as

2 (B - A2
SR 2T R <)\> neff27rR ( )

where R is the radius of the ring.
Another important figure of merit is the Full Width at Half
Maximum power (FWHM), that is the width of the peak at —3dB

respect its maximum:
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A2 t
FWHM = 2.11
W T(2TR)ness 1 — 12 (2.11)

where the transmittance coefficients are equal and real t; =

to =t € R, this holds for a symmetric system.
This quantity can allow to extract the () factor of the system: it

measure the quality of a resonator and its ability in store energy.

o A o W(Q?TR)neffl —t2
- FWHM A t

@ (2.12)

The Optical Focusing Grating is the last element that the
light meets before it reaches the neural tissue. Once the incoming
waves have been selected by the ring resonators they arrive to this
peculiar element that works both as lens and diffraction grating.
In general a diffraction grating can be considered as a collection of
diffraction elements, for example a periodic pattern of reflecting
grooves on a substrate, each separated by a distance comparable
to the wavelength of the light used. The fundamental physical
effect exploited in a diffraction grating is the spatial modulation
of the refractive index: when an electromagnetic wave is forced on
a grating its electric field amplitude and/or phase will be modified
due to the periodic variation in refractive index in the region near
the surface of the grating. [35] Diffraction gratings commonly
work in reflection or transmission, where the input light comes
from an external optical fiber placed over the grating. As shown
in fig. 2.8, in general considering a light ray of wavelength A
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Figure 2.8: General diffraction grating scheme.

impinging the grating, with a groove spacing d called pitch, at an
angle «, it is diffracted by along a set of angles f3,,, with m being
the diffraction order. [35]

Because of the purpose of the neural probe, here instead it
has been designed a device able to output light, coming from the
waveguide, and focus it at a certain distance (~ 20um for 450nm
[33]). This choice is driven from the physiological consequence of
the probe inserted in the tissue. As discussed before, a foreign
body inserted in the tissue causes several damages killing the neu-
rons in contact with it and creating a layer of non active cells.
Focusing the light several microns over the neural interface allows
to overcome this layer. The focusing gratings consist in chirped
and curved grooves able to deflect light rays at different angle,
the light ray intersection is the focal point. Therefore, the beam

shape is the one of a cone, as shown in fig. 2.9. These characteris-
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Figure 2.9: Focusing grating working principle.

tics allow to control the power delivery and the spatial resolution:
as the cone shrinks up to the focal point the power density in-
creases up to its maximum, where it is enough to activate the
light-activated transmembrane channel exploited, CHR2. The
aim of using these kind of illumination system is not to illumi-
nate a single neuron but a subpopulation of neurons placed above
the probe, in order to make them fire an electrical signal and try
to catch it, with the goal to estimate how the neurons networks
work.

The developed gratings are 4um wide, in order to prevent in-

terferences with the sidewalls, and 10um long, depending on the
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number of grooves. The latter have a thickness of 160nm, as the
whole Si3N, layer exploited for the optical system, where each
point can be considered as a light point source. The space and
the chirped spacing between the grooves have been selected so
that light coming from each point interferes constructively in the
focal point. From an analytical point of view, the interference

condition is:

27N, 2Ty,
™™ ffx X ™™ \/33'2 + y2 + h2 = m2nr (213)
)\0 )\O
Then it must hold:
. A
Ao Nm

where h is the focal distance, n.rs is the effective refractive
index of the mode propagating in the grating and n,, is the re-
fractive index of the medium above the grating plane with m € N.

[36]
2.1.2 Electrical Circuit.

The top layer of the device consists in an electrical circuit, ob-
tained through a lift-off process, made of evaporated Gold over a
thin Titanium adhesion layer, that will be discussed better in the
fabrication steps. The goal is to exploit a set of gold electrodes
in the shank for the detection of neural electrical signals. These
golds electrodes are connected through wires to the topmost part

of the probe, where another sets of gold pads is present, in or-
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Figure 2.10: Electrodes in the shank for neural recording.

der to interface the circuit with an external PCB, linked through
wirebonding. The choice of gold as material for the electrical
neural interface is due to its particularly good low resistivity and

biocompatibility.

The Electrodes in the shank shown in fig. 2.10, have a rectungalar
shape with dimensions of 25um x bum: 25um because it is the
average dimension of cortical neurons both in human and rodents
[37]; Bum chosen to ensure for enough space for the positioning
of the wires and to not increase the width of the shank in order
to prevent brain damage. The total number of electrodes is 64,
divided in two columns for each side of the shank. Moreover
they are spaced of 3um from each other and 5um from the edge.
The dummy space left from the edge accounts for fabrication
tolerances and possible misalignments.

These 64 electrodes are then linked with 64 pads placed in the
upper part of the probe through gold wires of 120nm in width,
450nm pitch, in the shank.
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The Electrodes in the external part instead have a square shape
with dimensions of 100um x 100um thanks to the higher space
available and to ensure a good connection for the wirebonding to

the external PCB.

2.2 Processes background

In the following, an overview of the main processes exploited in
the fabrication of the neural probe will be given. Lithography,
etching, and deposition techniques will be discussed together with
the respective tools used at Nanofabrication facility of the Molec-
ular Foundry.

Starting from the most used techniques, Optical and Electron
Beam Lithography have been widely exploited. The lithographic
processes comprise three main steps: Exposure of the resist (pho-
toresist or e-beam resist); Development of the resist; Pattern

transfer.

2.2.1 Electron Beam Lithography

Electron beam lithography is one of the most common techniques
for patterning at the nanoscale, it is based on the definition of
submicrometer features by the scanning of a focused energetic
beam of electron on a resist. The energetic absorption in specific
areas causes intramolecular phenomena that define the features
in the polymeric sensitive resist. The latter, when exposed to

the electron beam, is physically or chemically, modified due to
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the energy released by the e-beam. Then, this mechanism creates
a latent image that is materialized during the chemical develop-
ment. The parameters that influence the final design on the resist
are the shape and characteristics of the electron beam, the energy
and intensity of electrons, the molecular structure and thickness
of the resist, the electron-solid interactions, the chemistry of the
development, its condition (time, temperature...), the irradiation
process from the design structure to the beam deflection and con-
trol. There have been lot of advantages in the beam characteris-
tics from the development of stable and cold emission filaments to
the decrease of the effective beam diameter until few nanometers.
However, the main limitation in the resolution is not in the elec-
tronic radiation but in the resist chemistry. It introduces certain
requirements in terms of dose and pre post exposure processing
that are necessary for adequate results. [27] The tool used is a

Vistec VB300 electron-beam lithography system.
2.2.2 Optical Beam Lithography

Optical lithography is a photon-based technique consisting in the
projection of an image into a photosensitive emulsion (photore-
sist) spun onto the substrate. This technique has been devel-
oped offering different implementations, both in wavelength and
optical configurations: wavelength range from the visible to the
deep Ultraviolet; while the optical configurations vary from the

direct shadow casting to the multi-element refractive and/or re-
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flecting imaging system. However, differently from the E-beam
lithography the wavelength is the main limitation factor in the
resolution of optical lithography systems together with the con-
cept of diffraction. Also the illumination source coherence plays
an important role in the resolution limit: modern exposure sys-
tems are able to employ extremely narrowband sources allowing
to neglect the effects of temporal coherence and leaving only the

spatial coherence resolution limitations. [28]

2.2.3 Etching

Etching is the key process for removing material from surfaces
in order to achieve the pattern transfer from the developed re-
sist to the substrate. There are two types of etching: wet and
dry etching. In dry etching the material is removed exploiting
a plasma, in wet etching instead the material is removed by a

chemical solution that attacks it.

Wet Etching

Also known as chemical etching, it is a material removal process
that uses liquid chemicals to remove materials from the substrate.

It can be divided into two categories:

e Anisotropic wet etching: in this case the liquid etchants
attack a crystalline materials at different etching rates de-
pending on the crystalline orientation of the surface exposed.

The difference in etching rates can be very large.
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e Isotropic wet etching: here instead the material is removed
in all the direction at similar speed. Generally the wet etching

is always isotropic. [29]
Dry Etching

Also know as plasma etching, it is the only commercial technology
for anisotropic removal of the material from the surface. The
material removal is obtained through the plasma exploiting high

kinetic energy of particles, chemical reactions or a combination

of both. [30]

e Physical dry etching: it requires high kinetic energy (Ions,
electrons or photons) inside a plasma to remove the substrate
atoms. The high energy particles knock out the atoms from
the surface, the material evaporates after have left the sub-
strate. Given the fact that there is no chemical reaction
taking place, only the material which is unmasked will be

removed.

e Chemical dry etching: it involves chemical reaction be-
tween the etchant gases and the surface enhanced by the
plasma. It is usually isotropic and exhibits high selectivity.
However, anisotropic dry etching has the ability to etch with
higher resolution and higher aspect ratio than the isotropic
one, and because of the lack of directionality in the latter

undercutting can not be avoided. [30]
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e Reactive Ion Etching: This is one of the most widely used
process in industry and research which uses both physical and
chemical mechanism to achieve high level of resolution, mak-
ing the process mush faster. The high energy collision from
the ionization in the plasma helps to dissociate the etchant
molecules into more reactive species. That is, cations are
produced from reactive gases which are accelerated with high
energy to the substrate and chemically react with it. [30] The

tool exploited in RIE process is an Oxford Plasmalab 80.

2.2.4 Plasma Enhanced Chemical Vapor Deposition (PECVD)

Plasma Enhanced Chemical Vapor Deposition is one of the most
important plasma-assisted deposition technique for producing films
on surfaces. Usually device structures are sensitive to tempera-
ture causing standard high-temperature deposition processes to
be not used in a device process flow. However, thanks to the
nonequilibrium nature of low-pressure processing discharges, films
can be deposited at lower temperatures. Moreover, films can be
deposited with improved properties as nonequilibrium chemical
compositions and crystal morphologies that are not reachable un-
der equilibrium deposition conditions at any temperature. Stan-
dard Chemical vapor Deposition consists on a thermally activated
set of gas-phase and surface reactions that produce a solid prod-
uct at the surface. In PECVD instead the gas-phase precursors

and often the surface reactions are controlled or strongly modified
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by the plasma properties. [31]

2.3 Atomic Layer Deposition (ALD)

Atomic Layer Deposition is a chemical gas phase thin film deposi-
tion technique based on the alternation of saturative surface reac-
tions: with respect to other chemical vapor deposition methods,
the source vapors are pulsed into the reactor alternately sepa-
rated by purging or evacuation periods. Each precursor exposure
step saturates the surface with a monomolecular layer, resulting
in an unique self-limiting growth mechanism with several advan-
tageous properties: excellent conformity and uniformity, simple
and accurate film thickness control based on the number of cycles
performed. The ALD film growth takes place in a cyclic manner,

where each one consists of the following steps:

1. Exposure of the first precursor;
2. Purge or evacuation of the reaction chamber;
3. Exposure of the second precursor;

4. Purge or evacuation.

Depending on the process, one cycle can deposit from 0.1 to
3A film thickness, repeating this cycle as many time as necessary
the final thickness desired can be achieved. The reactions which
takes place each exposure step depend largely on the presence

or the absence or reactive functional groups on the surface of
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the growing film. Then, as a result the ALD provides perfect
conformity and trench-fill capability as well as good large area
uniformity and large-batch capability and good reproducibility.
[32] The tool exploited fro ALD technique is an Oxford FlexAl,
Plasma-Enhanced ALD.
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CHAPTER 3

Fabrication Steps and Results

In the following a step-by-step description of the fabrication pro-
cess, together with several optimization results performed in this
thesis work, will be given.

The entire fabrication process of the neural probes is based on
a commercial 4” wafer, Lionix® Triplex Wafer, layered with a
central 525um substrate of S, then 2.5um of Si0y and 160nm of
Si3N, deposited on both sides by Low Pressure Chemical Vapor
Deposition (LPCVD) technique. The cross section is shown in
fig. 3.1.

This wafer is a commercially available substrate with < 100 >
plane orientation, and one of the surface is polished. It ensure
an high quality Si3N, with very low loss over a wide wavelength
range (from 405nm to 2350nm), and it permits to directly pat-
tern Sioy — SigN, waveguides on the substrate. [38]

The first step of the fabrication is the definition, by electron

beam lithography, of the alignment marks necessary to correctly
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Figure 3.1: Lionix® Triplex wafer cross section.

superimpose the several lithography steps that follow. The wafer
is coated, on the polished side, with a positive electron beam resist
(ZEP 520A [44]), then exposed by e-beam lithography and devel-
oped in Amyl Acetate. Once developed, an deposition through
electron beam evaporation of Gold, over a thin 10nm Ti layer in
order to guarantee a good adhesion, is performed. Finally well

defined alignment marks are obtained performing a liftoff process

in PG Remover [45] at 80° C.

3.1 Fabrication Optical circuit

The second step consists on the fabrication of the optical system
with all its components as the waveguides, the rings resonator
and the gratings. The process in shown in fig. 3.2.

Electron beam lithography has been exploited, the e-beam re-
sist ZEP 520A is spun over the nitride layer (ZEP 520A at 50%),
at 1000 RPM, in hot plate for 5 min at 180° C, 230nm total thick-
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Figure 3.2: Fabrication steps to define the optical system.

ness), exposed and then developed with Amyl Acetate, as before.
Then a descum step is performed to remove eventual residuals
of the resist in the tranches in order to ensure a correct pattern
transfer on the nitride, consisting in an oxygen plasma with a
Reactive Ton Etching (RIE) tool (100 sccm Os, 30mTorr, 40W
RF power, for 15s, DC bias ~ 227V). The Si3N, is etched, in the
same chamber, in a two step process with C'H F3/05 (48 : 2sccm)
chemistry: the first for 7man 30s, 55mTorr, RF power 490, DC
bias ~ 214V’; the second with same parameter but an higher RF
power of 97W , DC bias ~ 214V and lower etching time 1min
30s . The choice of a two step process with an increasing power
is taken in order to open correctly the coupling gap between the
waveguides and the rings. This feature is particularly challeng-
ing because of its extremely small dimension (30nm), therefore
it has to be as much precise as possible to achieve a correct cou-
pling. The trench depth depends on its width, because diffusion

of gaseous chemical species at its bottom is limited in narrow
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trenches preventing the arrival of gases at the their bottom. The
extremely thin dimension of the feature leads to a shallow etch-
ing and a non-completely opened gap. Therefore the first step
at lower RF' power ensures a chemical etching that removes the
most of the material and then the second step at higher RF power,
where the etching is more physical and anisotropic, ensure a com-
plete opening of the gap.

Once transferred the optical pattern, the remaining resist is
removed with a sonication in dichloromethane and then acetone,
and 2.5um of Si0s is deposited through Plasma Enhanced Chem-
ical Vapour Deposition (PECVD). This oxide layer have been op-
timized to minimize the optical losses, for this purpose the fabri-

cation process has been followed by optical power measurements.
3.1.1 Results: RIE Optimization

Although the use of a high quality wafer, in which the nitride
layer present propagation losses as low as 5 x 107%dB/cm, and
waveguides losses as low as 0.001dB/cm have been measured
(38, 39, 40], the optical power measurements performed in fab-
ricated waveguides showed a different scenario. Aligning a blue
laser (450nm) through a micro-manipulator and maximizing the
output, optical measurement have been recorded with the help of
an optical microscope, then relating the output power of the grat-
ings to the coupled laser output power, losses have been derived.

However laser-waveguide coupling losses are non negligible. In
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order to determine the scattering losses a waveguide split in two
with different path length have been exploited comparing their
cross section output. This comparison allows to neglect the cou-
pling losses. The measurement of cross section output power have
been used because also gratings have losses, in this way the scat-
tering losses of the waveguides have been completely decoupled
from the coupling and the gratings ones. The resulting scat-
tering losses measured, after the deposition of the PECVD top
cladding oxide, were around 3 —10dB/cm. In order to reduce the
losses some tests on the fabrication of the waveguide have been
performed about the top cladding oxide quality and the optical
system fabrication. In particular the recipe optimization used for
the pattern transfer of the optical system through RIE have been
studied. It have been shown that the surface roughness, rather
than absorption from the bulk material, plays a major role in
the loss limitation of Si3N,; waveguide. [40] Moreover, the ma-
jor contribute to the waveguide sidewalls scattering is due to the
in situ polymer formation typical in the dry etching processes.
The polymer formed during the transfer pattern process, while it
allows sidewall passivation in order to achieve anisotropic etch-
ing and vertical structures desirable for the fabrication of rect-
angular waveguides, often leaves residue on the sidewalls, which
introduces sidewall roughness. [41] The C'H F3/05 chemistry ex-

ploited plays in two ways in the etching process according to their
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Figure 3.3: CH F3/04 48/2scem ratio recipe, SEM cross section after cladding. The oblique
cracks in top right and left come from the deposition of PECVD oxide that, nucleating on

the horizontal surfaces, lead to a misalignment of the forming material planes.

ratio: an higher flow of C'HFj3 allows a chemical etching of the
nitride and formation of passivation sidewalls polymers, instead
an higher flux of O,, being accelerated toward the sample, gives
a physical and highly anisotropic (vertical) etching and reduces
the polymerization process.

Moreover, in figure 3.3, an SEM cross section of a waveguide
after the top cladding deposition, is noticeable that the sidewalls
are shallow. This can be explained by the fact that the recipe
exploited has an high CHF5/O, ratio (48 : 2scem) and conse-
quently an high polymers formation. The high concentration of
polymers forms an overpassivation of the sidewalls that shields
the horizontal surfaces surrounding the nitride, preventing the
removal of material and finally giving a trapezoidal shape to the
waveguides. A typical solution for the polymer formation problem

is to increase the Oxygen flow, since it reacts with this residues

to form carbon monoxide (C'O) and carbon dioxide (C'Oj) [41]

59



Multifunctional Neural Probe

Etch rate vs 02 sccm, RF 45 W

@ @ N
s} S S ©

ETCH RATE
IS
S

=8 7EP

w
S

&— Nitride

N
S

1.5 2.5 3.5 4.5 515 6.5 7.5 8.5
02 sCCM

[
S)

o

Figure 3.4: Etch rate trend of resist ZEP520A and SizN4 under CHF3/05 chemistry at
constant flux 50scecm, RF 45W, 55mTorr. The ZEP removal rate increases fast augmenting
the relative concentration of Oxygen in the chamber. The Nitride etch rate remains almost

constant.

that being volatile are then expelled from the reaction chamber.
In order to achieve rectangular waveguides and reduce the sur-
face scattering, a solution appeared to be to increase the Oy flux.
However, an higher flux of Oxygen may also reduce the resist used
as mask and completely prevent the polymer formation leading to
unwanted undercuts. Therefore, several trials gradually decreas-
ing the C'H F3/0,, flux ratio have been performed, with constant
total flux of 50scem, constant pressure (55mTorr) and RF power
(50W). The tests have been carried without changing the expo-
sure step: with the same dose and resist thickness (ZEP 520 A
230nm).

In order to prevent an high removal of resist, the removal rate
of the ZEP at higher flux of Oxygen have been calculated together
with the one of the nitride. From these preliminary tests came out

that the ZEP removal rate increases faster than the nitride one,
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Figure 3.5: Lower CH F3/02 45/5scem ratio and lower pressure 30mTorr recipe, SEM cross

section after cladding.

shown in 3.4 , under the same total flux of 50sccm, then in order
to completely etch the nitride for all the 160nm of thickness and
do not remove the mask the working pressure have been changed
accordingly. Lower reactor chamber pressure allows lower total
concentrations of chemicals and consequently a lower interaction
of the Oxygen with the resist, slowing down the resist removal.
Moreover, having a lower pressure works in favour of the physical
action of the plasma, since the Ion’s mean free path increases
letting them acquire higher kinetic energy. [43] Finally, in fig.
3.5 is shown an SEM cross section of a waveguide fabricated with
C'H F3/0, ratio of 45/5scem and a pressure of 30mTorr, steeper
sidewalls have been obtained, respect the previous recipe used in
fig. 3.3.

Although a rectangular profile have been obtained, the optical
measurement, performed to validate the assumptions previously
done, did not show improvements. Indeed higher losses for the
waveguide fabricated with the new recipe have been found. The
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reduced pressure and the higher flux of Oxygen could have lead
to an higher top surface roughness of the waveguide, due to the
higher kinetic energy of Oxygen ions bombarding the sample, in-
creasing the scattering of the light. However, in order to find a
cause further characterization (such as compositional and rough-
ness analysis) have to be carried out. Moreover, roughness analy-
sis would be an hard task because for thin waveguides, hundreds
of nanometers, even few nm roughness can give significant losses.
[42] Future works to achieve a better optimization could be the
use of an hard mask or a thicker layer of resist with the relative

exposure optimization.
3.2 Results: Planarization step

One of the challenges of the fabrication process was the integra-
tion of the optical and the electrical layer.

Once fabricated the optical system, over the top oxide cladding
in correspondence of the waveguides, the rings and the gratings,
hills were present. As a matter of fact, the optical elements are
160nm in thickness, therefore after the oxide deposition process
this relief is projected over the top leading to a non-planar sur-
face. The electrical layer built on top used to suffer of the non-
uniformity, as shown in fig. 3.6. The critical points were the
wires, because of the hills and valleys they met, several inter-
ruption along their path used to lower down the total number of
working electrodes.
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Figure 3.6: SEM top view and cross section of the shank before planarization.

The solution adopted is a planarization of the surface exploit-
ing a flowable oxide, the Hydrogen Silsesquioxane (HSQ). This
material had attracted lots of attention in the semiconductor in-
dustry thanks to its low dielectric constant, easy processability,
good planarization of surfaces and excellent gap fill capability.
[46] Its general chemical composition is (HSi03/2)y, if thermally
processed the Si—H bonds tend to dissociate and its porous struc-
ture is rearranged into a network structure. Therefore, HSQ spun
over a substrate when cured with temperature tends to shrink, ap-
plying stress on the substrate, and to change its refractive index.
[47, 48, 49]

After some optimizations a layer of HSQ have been obtained
(=~ 500nm), to not induce too much stress to the structure, with
a refractive index that matches as much as possible the one of the
top cladding of 1.47. The scheme is shown in fig. 3.7

Therefore this planarization layer step consists in spinning the
HSQ over the wafer and then cure it. Good results have been

obtained, as shown in fig. 3.8. Moreover, electrical and opti-
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Figure 3.7: Scheme of the planaratization process.

cal measurements have been performed, respectively on the elec-
trodes and on the optical system, in order to ensure the same per-
formances after the planarization step with HSQ. No additional
optical losses on the waveguides have been achieved, performing
the same type of measurements discussed before. Furthermore,
the electrical circuit fabricated in a planar substrate (Si3/Ny on
Si wafer have been used) shows the same number of working elec-
trodes respect the one deposited on an HSQ planarized wafer. In
the next section a deeper overview on the wires, electrodes and

their characterization will be given.
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4
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Figure 3.8: SEM top view and cross section of the shank after planarization.

3.3 Fabrication Electrical circuit

Once the wafer is planarized the next step in the fabrication
of the neural probes is the integration of the electrical system,
that is shown in fig. 3.9. As introduced before, the features are
very small, in particular the wires, this is why electron beam
lithography is again exploited with the same procedure as before:
Z EP520A is spun over the wafer at 4000 rpm, exposed through
e-beam lithography at 100V | then an high power ultrasonic de-
velopment in Amyl Acetate. As already done for the alignment
marks, in order to ensure a correct adhesion of the gold onto the
HSQ, a 10nm layer of Titanium (Ti) is evaporated followed by
100nm of Gold (Au), by an Electron Beam Evaporator. There-
fore a Lift-off process is performed in order to strip the resist
exploiting hot PG remover (80° C) with stirring 80 Rpm for 1
hour. Then the wafer is rinsed in Acetone and Isopropyl alcohol

to remove eventual floating Gold particles.
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Figure 3.9: Summary of the electrical circuit frabrication process.

3.3.1 Results: Electrical circuit optimization

Due to the submicron features, the electrical circuit fabrication
process resulted to be an extremely delicate step of the fabrica-
tion. Electrical characterization after the lift-off have been per-
formed through a Micromanipulator® Probe Station that gener-
ates a DC voltage and record the resulting current exploiting two
Tugsten microtips, as shown in fig. 3.10. This measurement have
been performed mainly in order to check the working electrode
yield per probe all around the wafer, and to characterize the av-
erage resistance of each electrode. Acceptable resistance values
that guarantee good SNR for the neural activity recording, and
in line with the expectations of the dimensions of the wires have
been found to be in the order of 5 — 15k{2. From several electrical
characterizations came out that the working electrode yield per
probe was low, around 50 — 70%. Open circuits in the wires were

noticed in the electrical measurements by very high resistances
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of the order of GC2. Moreover, thanks to SEM characterizations
of the samples, the presence of interruptions in the wires’ path
and as well short-circuit was evident, as shown in fig. 3.11, in
the shank where the wires reach their lower dimension and higher
density, with around 15 — 30% of shorted circuited wires. Shorts
circuit have been as well found in the electrical characterization
steps checking the values of resistances between the electrode un-
der test and its neighbours. In order to solve the shorts and open
circuit problem several attempts have been carried out. The crit-
ical point in the fabrication steps have been found to be the dose-
sonication relation, the wires layout and the lift-off process,.
The lift-off process used so far exploited the solvent Remover
PG at 80° C with 60 Rpm of stirring for 2hrs. Carrying out some
tests, the critical point of the formation of open circuit during the
lift-off process have been found in the use of the stirring. Test on
chips and on wafers shown an increase of the working electrode
yield per probe to 90 — 100% on chip and on wafer, although the
shorts remained constant. Therefore, the use of stirring, although
it helps in reducing the redeposition of gold particle in the sub-
strate, in our case the agitation leads to the rupture of the wires.
Sonication refers to Ultrasonic-assisted development. The re-
sist sensitivity and contrast are dependent on the resist material
property and on the resist process condition, such as beam en-

ergy, exposure dose and development. In order to enable very high
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Figure 3.10: Example of electrode working test. Notice that the electrodes in the shank
have been fabricated larger than the standard designed (45um x 45um) in order to facilitate

the electrical characterization.

resolution of e-beam lithography, methods as ultrasonic-assisted
development have been studied. The ultrasonic agitation dur-
ing the development can provide additional energy in order to
dissolve exposed resist molecule trapped in the solid resist edges
due to intermolecular forces, that is equivalent to exploit more
electron interactions to release the trapped polymer molecules,
which means higher exposure dose. Therefore the use of ultra-
sonic agitation can reduce the exposure dose and improve the
resist contrast. [51]

The starting hypothesis was that in the shank, due to the small
dimensions and pitch of the wires imposed by the maximum total
width required to minimize the brain damage (~ 50um), the dose
used in the exposure and the sonication performed during the re-
sist development may cause errors as a not complete removal of

the resist in the wires’ position causing the stripping of the gold
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Figure 3.11: SEM characterization of the wires. On the left: presence of open circuit . On

the right: presence of short circuit. Both mainly found in the shank of the probe.

and the formation of open circuit. Moreover analysing the shorts’
shape at the SEM, in fig. 3.11 in the right, they are oriented along
the wires up to 4um and they look to be at the same height of
the wires excluding respectively a particle contamination (that
would create circular like errors) and the presence of completely
unexposed resist beneath them. Therefore a cause could be the
collapsing of resist lines caused to the high sonication power ex-
ploited. In order to validate these hypothesis dose-sonication tests
have been performed, increasing the dose used and reducing the
sonication power to not change the effective exposed region, as
explained before.

From tests performed, the number of shorts circuit between the
wire increased for higher doses also for lower sonication power
used. Therefore, it can be explained with the fact that higher
doses lead to an increase of the underexposure, increasing its as-
pect ratio and making easier the collapsing of the resist lines that

leads to formation of short circuits. To prevent this, another
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Figure 3.12: Previous electrical layout, with fixed pitch.

approach to the problem have been tried: changing the wires’
layout. In the layout, as shown in fig. 3.12, the wires, coming
from the external part of the probe, once reached the shank con-
tinue their path, for simplicity of the design, with a fixed pitch
until the end of the probe. Going further to the end of the probe
every two electrode, one per each side, the number of wires de-
crease. Exploiting this empty space, the pitch of the wires can be
increased in order to enlarge the space between wires and reduce
the probability of errors during fabrication.

With this purpose a new layout have been designed, through
the software L-edit®. In the new layout the wires step away from
each other, reaching the end of the shank, thanks to the space left
by the external two wires that already reach the corresponding
electrodes, up to fill all the space between the electrodes. In this
way the probability of resist line collapsing is reduced. More-
over, the wires increase in width as well, at the point that the
pitch is high enough, to reduce eventual errors in the lithography.
Particulars of the new layout are shown in fig. 3.13.

The same dose-sonication tests have been performed for the

new layout, best results have been obtained for high dose and no
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Figure 3.13: New layout with non fixed pitch. The wires step away from each other to

reduce the possibility of resist line collapsing.

sonication exploited having 96.85 — 100% of working electrodes
and 5 — 10% of short circuits between wires.

The exposure, lift-off and deposition optimization performed
for the electrical layer bring some advantages on the performances
of the probe. Further studies have to be carried in order to reduce
to zero the number of errors along the wires, although probably
for our application having a better working electrode yield than
95% is not important since sorting algorithms enable triangula-
tion of neuron location by spatially oversampled multi-electrode

recording. [21]
3.3.2 Wires passivation

The neural probe, once all the fabrication steps are completed and
it is ready to be perform an in vivo test, should be able to record
electrical signal only from the shank electrodes. Since the metal
wires exposed to a living tissue could create shortcuts between the
electrodes or as well intercept the Local Field potential deriving
from the neural electrical activity, a wire’s insulation is needed.
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Figure 3.14: Passivation and pad opening.

Therefore, after the electrical circuit fabrication is completed, a
passivation layer (50nm os Si0,) is deposited with Atomic Layer
Deposition (ALD). This technique is chosen because it allows ob-
taining very high conformal, low stress, thin layer. After this step
the whole wafer is covered by this oxide layer. In order to remove
the ALD S70, from the undesired parts, the electrodes, another
step is performed. The wafer is aligned by the already deposited
marks and then processed with an other electron beam exposure
and a dry etching process. ZEP is spun and exposed in corre-
spondence of the electrodes. Then using 35scem C'H F3, 25scem
Ar, with RF power 100WW and 30mT orr of pressure a RIE is per-
formed to etch the exposed areas. The process is sketched in fig.

3.14. Finally the remaining resist is removed in Remover PG at

80° C.
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Figure 3.15: Scheme of the probe release process. Notice this cross section is in correspon-

dence of the shank.

3.4 Probes release

At this point of the fabrication the optical and the electrical lay-
ers have been integrated at the wafer level. The next step in the
fabrication process is the release of the probes from the wafer in
order to achieve single devices able to be then connected to the
external control system (PCB and Laser) and to be ready for an
in-vivo neural experiment.

Single probes are obtained from the wafer through several steps,
shown in fig. 3.15. The general idea is to define grooves on the
front side of the wafer, through dry etching, to obtain the probe
shape and on the back side, through wet etching in correspon-
dence of the probe, membranes to remove most of the wafer body
and release the probe, exploiting the silicon nitride layer of the

Triplex® wafer as a mask.
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3.4.1 Nitride mask and Front-side etching

As a first step an UV photolithography defines the Su3/N4; mask
for the backside etching: HDMS as adhesion promoter and a pos-
itive photoresist (MA-P 1215) are spun, exposed, thanks to an
InfraRed alignment taking as reference the gold marks previously
deposited, and then developed (with MAD 331) on the backside
of the wafer. Therefore, RIE step is performed to etch the nitride
defining the membranes, with CH F5/0y (48/2 sccm) chemistry,
RF power 100 W, for 15 min. Moreover, the front side dry etching
is performed: a positive thick resist (AZ 40 XT 11d) is spun over
the front side (~ 40um), over HDMS, and exposed defining the
probe shape and the groove for the fiber positioning; then a post
exposure bake with a very slow temperature ramp is performed in
order to better crosslink the polymer and to not cause cracks due
to a fast bake [52]; Oxford Plasma lab 100 Viper (FY2013) is the
tool used to perform the front side etching (C'H Fy 35 sccm, Ar 15
sccm, Oy 15 scem), in this way ~ 5um up to the bottom cladding
of the waveguides is etched, and 25um of Si (CyFy S Fg chemistry).
During the front-side etching the wafer is heated by the plasma,
and since the process last long time, a poor temperature control
can lead to low sidewall etching control: considerable undercut.
This issue is avoided exploiting a thermal conductive polymer,
the Fomblin, in between our TriPlex wafer and a 8” wafer used as

carrier since the tool clamp support is for 8 inches wafer, that pre-
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vents the establishment of a high temperature gradient between
the gas in the chamber and membrane in the nitride. Moreover
the tool used exploit an He flux to keep the temperature stable at

20°. The height of the grooves are monitored using a Profilometer.

3.4.2 Back-side wet etching

As shown in the third sketch of fig. 3.15, once defined the probe
in the front-side a wet etching process is performed to define
the membrane under the probes. This step consist in KOH
(Potassium Hydroxide) wet etching, that is one of the most used
anisotropic wet etchant for cristalline silicon, for both Si0, and
Si at 80° C with stirring, exploiting the nitride as a mask. Look-
ing from the back-side, the nitride is 160nm thick, then the layers
to be etched are: the oxide 2,5um and 460um, over 525um, of
100 Si in order to leave a ~ 25um of Si buffer before the grooves
to prevent the KOH to go in contact the front-side, as shown in
fig. 3.15. Moreover for this purpose, the wafer is clamped in a
wafer holder [53], whose cross section is in fig. 3.16, that allows
one side wet etching thanks to o-ring sealing. The selectivity of
SisN, over the oxide and the Si 100 is respectively 3 x 1072 and
1 x 107 [54], that means in order to etch 2,5um of oxide, and
~ 460um of Si the etched nitride will be >~ 12nm over 160nm
of total thickness, meaning that the Sig/Ns will perfectly mask
for all the etching time. Because of the big difference in Etching

rate of S10y and S, if micron deep scratches due to the handling
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Figure 3.16: Cross section of the wafer holder exploited for the wet etching. [53]

are present in the oxide, when the Si is reached by the KOH in
correspondence of them, it can result in up to hundreds of mi-
crons of Si removal in excess leading to holes in the wafer and
consequently spilling of the etchant in the front-side. Therefore,
however the use of the holder and the Si buffer layer, the front-
side is protected with ProTeck B3, that is a front-side circuitry
coating for deep backside alkaline bulk micromachining [55], in
order to completely prevent the KOH spilling. The wafer holder
is immersed vertically in the KOH bath at 80°C with stirring, in
order to prevent the hydrogen saturation of the surface that may
slow down the etching and increase the roughness. The process is
monitored, after the removal of the wafer from the KOH bath and
soaking in H,O, with a Profilometer, in order to allow the correct
material removal and to control the surface roughness, that at the

end of the process is of the order of microns. The last step is an-
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Figure 3.17: Example of a released Optoelectronic probe.

other Silicon front-side dry etching, as before, in order to remove
the 25um buffer layer. Once the release process is complete, the
cross section of the shank, shown in fig. 3.17, presents from the
bottom: ~ 25um as Si as support layer; >~ 5um of optical layer
made of top and bottom oxide cladding, and nitride core waveg-
uide; the HSQ planarization layer, ~ 500nm; and on top the

electrical layer made of gold circuit and ALD oxide passivation.

3.5 Packaging

In the following section an overview on the preparation of the
Neural Probe for the connection to external controls is given.
Once the device fabrication is completed and the probe is re-
leased in order to guarantee a better handling and to connect it
with external instruments for excitation and read out, both the
electrical and the optical system have to be interfaced respectively
to a Printed Circuit Board (PCB), used to control the electrodes,
and an Optical Fiber, to guide the light from an input laser to

the probe.
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Figure 3.18: Zoom of the Probe glued and wirebonded to PCB.

3.5.1 Connection to PCB

As previously discussed, the bigger gold pads (100um x 100um)
in the external part of the probe are used as interface for the
external electrical control. In order to establish the connection,
the probes are glued to the Printed Circuit Board, used as sup-
port, that presents a series of pads that are then wirebonded to
the electrodes on top of the probe. These pads on the PCB are
then connected to Samtec connectors soldered on top of the PCB.
Therefore, the PCB allows an easy handling of the probe and an
easy access to the electrical signal by plugging the Samtec con-

nectors. An example of a connected Probe is in fig. 3.18.

3.5.2 Connection to the Fiber

Once the probe is connected to the PCB, its input waveguide is
ready to be coupled with an Optical fiber, aligning it and then
gluing it with an UV curable glue. The U-groove designed for the
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Figure 3.19: Set up used for the fiber lapping.

fiber positioning at the top of the external part of the probe is
fabricated during the front-side dry etching of the release process.
In order to comply with the device total thickness requirement,
aimed at the minimization of the brain damages during insertion,
this etching is performed up to 30um from the top surface of the
probe being the total thickness. Therefore, the groove aimed at

the fiber positioning has the same depth.

3.5.3 Results: Fiber lapping

However, commercial optical fibers have a diameter of 125um
(cladding). In order correctly match the fiber into the groove a
solution have been found: perform a lateral lapping of the fiber
in order to reduce its diameter obtaining a D-shaped profile. Ah-
mad et. al. [57] in 2017 demonstrated a novel approach to re-
alize lapped D-shaped single-mode fibers with insertion loss of
0.95dB. Reproducing the set-up of the article cited before, the
lapping mechanism is performed as following: several stages with

micrometric screws, from ThorLab, have been assembled together
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Figure 3.20: On the left an optical fiber lapped up to 5um from the core, on the right lapped
up to 20um.

in order to allow a precise two axes movement, as shown on left
of fig. 3.19; two fiber cleaving tools have been exploited to clamp
the fiber along the transversal axis, right of fig. 3.19; a DC Step
motor, from Mabuchi, is placed at the center of the longitudinal
axis, in which a metal cylinder, surrounded by ThorLab polishing
paper [56], have been mounted on top.

This set-up allows to reduce the fiber diameter thanks to the
lapping mechanism exploited with the rotating fiber polishing pa-
per, ideally with micrometer precision thanks to the stages ex-
ploited. Moreover, the fiber can also be shifted in the transversal
axis in order to perform the lapping along 2mm, that is the length
of the groove in the probe.

Since, as said before, the fiber are 125um in diameter and the
groove 30um in depth, in order to allow a correct positioning
around 90um have to be removed. In this way positioning the
fiber with the lapped side downwards, the fiber core will match
the input waveguide allowing a good alignment. With the help of

an optical microscope, to monitor the process, some lapping have
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Figure 3.21: The fiber is aligned with the help of a micro-manipulator while the output

power is measured, as shown in the left. Then it is fixed through an UV curable glue.

been performed in commercial Optical fiber. In figure 3.20 two
example of lapping tests are shown. The fiber on the left have
been lapped up to 5um, the right one 20um from the core.

However, the fiber lapping process resulted to be not high con-
trollable. The amount and the length of lapped fiber are still a
critical point.

Once lapped, the fiber is handled with a micro-manipulator and
aligned to the waveguide with a 637nm laser, as shown in fig. 3.21,
during this step with the help of an optical microscope the output
intensity is monitored. When the intensity is maximised, the glue
is dispensed (UV curable glue) and re-alignment is performed in
case of shifting then by directly exciting the fiber with a 405nm
laser the glue is cured. Finally a second cure after 3 minutes
exposing the glue with a UV gun id performed.

Then power measurement is performed, with a camera which
has been calibrated with respect to the reading of a ThorLab

optical powermeter. The average additional losses due to the
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fiber gluing process are ~ 13d B, presenting strong variations 4.3—
23dB. The causes of this losses are difficult to be framed, since
there are many variable parameters still not well controlled, such
as the fiber-waveguide gap, the tilting of the fiber in the groove,
and the already cited lapping process. Although the fiber lapping
process seemed to be an easy and effective process to allow the
insertion of the fiber in the limited groove depth, because of the
high losses and low reproducibility obtained another approach
is being investigated: HF (Hydrogen fluoride) fiber etching. It
allows a good control and the possibility to perform the fiber

diameter reduction in batch processes.

3.6 Electrode’s impedance

As already discussed in 1.3.1, one of the major hurdle of the
electrical read out system of silicon based neural probes is the
impedance of each channel. Recently, the purpose of high den-
sity read-out, reduced device footprint and single neuron activity
detection lead to the scaling down of the recording sites and con-
sequently an increase of their impedance. Although, in order to
achieve high Signal to Noise ratio the area of each pad has to
be maximized. A solution have been found nanostructuring each
electrode, through electroplating of black Platinum, as shown in
fig. 3.22, and deposition techniques of novel materials as carbon

based materials, thus obtaining a rough surface that provides a
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Figure 3.22: SEM pictures of the pads after Pt black electroplating, on the left. On the right

zoom of different pads plated obtained at different currents showing different grain size.

wide effective area keeping the same dimensions.

The NanoZ® tool [58] can be plugged to the Samtec connec-
tors on the top of the Printed Circuit Board and can control elec-
trode arrays applying potentials, currents and reading the electri-
cal impedance. This tool can be exploited to tests the channels,
measuring their impedance in saline solution, and also to perform
electroplating.

Impedance characterization in saline solution have been ob-
tained showing an average of 4.5+ 0.1M¢) at 1kH z for each elec-
trode [33]. Electroplating in a Black Platinum solution has been
achieved using the NanoZ by applying a DC current to each cur-
rent of —0.1uA for 12s. The impedance after the electroplating
is on average 200 £ 30k(2.
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3.7 Plating of novel materials: Carbon based materials

Carbon materials have been widely used for bioelectrochemical
applications, they have been shown to display different morpho-
logical patterns and structural characteristics. These carbon based
materials support microorganisms in mediating electron transfer
reactions at high rates and they are considered to be the most
promising group of electrode materials for bioelectrochemical ap-
plications. [59] Ranging from Activated Carbons (ACs) to Car-
bon Nanotubes (CNTs) these novel materials are the most widely
used electrodes coatings because of their properties including low
cost, ease of processability and controllable porosity. [60]

In this Thesis work the attention have been focused on the
deposition of Activated Carbons (ACs) on electrodes recording
sites. In particular ACs are the mostly used electrode materials,
started to be studied for batteries and supercapacitors, due to
their large surface area, good electrical properties and moderate
cost. ACs are generally produces from physical and/or chemical
activation of various kinds of carbonaceous materials (eg. wood,
coal, etc.) Depending on their activation method and the pre-
cursors used, they have various physicochemical properties with
very high surface area as high as 3000m2¢~!. In particular, ACs
porous structure have a broad pore size distribution consisting
of micropores (< 2nm), mesopores (2 — 50nm) and macropores
(> 50nm). [60]
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Figure 3.23: Scheme of EPD: on the left mechanism of Electrophoresis; on the right depo-
sition. [61]

The high porosity and the high rate electron transfer could
solve the high impedance electrodes issue, cited above, increasing
the effective surface area of the recording sites in the shank of the

probe.

3.7.1 Results: Deposition of Activated Carbon

In order to perform the deposition of ACs on the electrodes Elec-
trophoretic Deposition (EPD) have been exploited. EPD is col-
loidal process where suspended particles in a stable solution are
driven from the suspension medium to the substrate by an electric
field. [61] A sketch of the mechanism is shown in fig. 3.23.

Pech et. al. in 2010 [62, 63] demonstrated the deposition of
Onion-Like carbon as well as Activated Carbon on a gold pat-

terned substrate applying a DC voltage of 50V em ™.

The same
colloidal solution of ACs have been prepared with 0.3 wt.% of Ac-

tivated carbons in a 95% — 5% ethanol-water solution. Then in

85



Multifunctional Neural Probe

Sample -
Ti/Au on Si

|
'
| I

Figure 3.24: Setup exploited to perform Electrophoretic Deposition of Activated carbon on

Counter Electrode +

Counter Electrode £ -
stage

a Gold substrate.

order to stabilize the carbon particles 0.03 wt.% of M gCl, have
been added to the suspension, since near the electrode under the
effect of the electric field hydroxyl ions (OH ™) react with M g**
ions absorbed on the carbon particles to form M g(OH ), that acts
as an inorganic binder for the deposited particles. [64] The char-
acterization of the solution prepared so far showed a conductivity
o= 38%, and a pH of 6.3 at 19° C. A setup containing two mov-
able stages for the target sample and for the Platinum counter
electrode, shown in fig. 3.24, has been built in order to control
the distances between them, mainted constant at 0.5mm. Prelim-
inary deposition tests have been performed using the NanoZ® tool
on probes wirebonded to the PCB. Exploiting a AC current of the
order of umA for 1 min and performing impedance measurements

before and after the deposition. Results showed the impedance
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dropping from 3M¢2 to 100 —400k(2 at 1kH z, demonstrating that
the deposition of Activated Carbons and the increase of surface
area was achievable. However, the EPD with the NanoZ® tool
was not reproducible and well controllable, since in most case the
lowest current reachable by the tool (1uA) caused an overdeposi-
tion of the material. In order to achieve a controllable process the
approach have been changed, using a current generator and start-
ing from a bigger gold coated sample to optimize the parameter
for the electrodes deposition. Therefore, several test have been
performed exploiting a Ti/Au on silicon substrate of 1cm? of area,
and using an DC current of 2mA, through a current generator.
However the deposition was not achieved, since rinsing the sample
with ethanol no trace of Activated carbons were found on the sur-
face. EPD with AC currents, with Duty Cycle > 50%, were tested
giving appreciable results. It can be explained because an alter-
nated current allows, in the negative time period, to move back
the unbounded particles and reactivate the gold surface, making
the deposition more efficient. Therefore, EPD with AC current
square waveform of 2mA, Duty Cycle 70%, frequency 100H z, on
the same kinf of sample, allows a stable deposition on the gold
substrate, as shown in fig. 3.25.

The second step to optimize the deposition parameters have

been to perform the EPD on electrodes of unused Printed Circuit

Board (PCB) ~ 75um x 20um.
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Figure 3.25: On the top an picture of the Ti/Au, 1em? sample after 10min of deposition.

On the bottom SEM picture of the same sample, top view and cross section.

Here electrical characterizations have been done before and af-
ter the EPD step, performed with the current generator, in Saline
solution with the NanoZ® tool, thanks to the possibility to con-
nect the PCB to this tool through the Samtec connector. Depo-
sition with ~ 10uA AC current for 1 minute. Impedance mea-
surement in saline solution showed 100 — 300k€2 at 1kH z before
the EPD and 30 — 60k at 1k H z afterwards.

Once established the parameters for the deposition, EPD on
the patterned electrodes have been performed.

The sample have been prepared fabricating the electrical sys-
tem on a Si substrate and then passivating the wires with ALD

oxide, with the same process steps of the complete fabrication.

88



Multifunctional Neural Probe

Figure 3.26: SEM pictures of EPD deposition on passivated electrodes in the probe shank.
Selective depositions of Activated Carbons on electrodes have been performed. From the last
pictures, showing a single one coated electrodes, contamination of the solution is present.

The carbons are overdeposited short-circuiting the electrodes.

Since the surface area of the patterned electrodes (5u x 25um)
of the probe are smaller than the ones used before, a scale down
of the parameters have been done and stable depositions have
been found to be using an AC current square waveform in aver-
age of O.6n’fL—gl, Duty Cycle 80%, frequency 100H z per each elec-
trode. In order to achieve this small value of current, since it was
out of sensibility of the generator, the deposition was performed
by parallelizing the electrodes and connecting them together to
power supply. SEM characterization have been done, as shown
in fig. 3.26, showing selected electrodes of the active part of the

probe coated with Activated Carbon. In the surrounding of the
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electrodes it’s evident a non investigated contamination of the
solution with particles smaller than the ACs. Moreover, the Car-
bons seem to be in contact from one electrode to another probably
making a electrical contact in between them. Therefore, the EPD
for the electrodes has to be still optimized using lower deposition
time or lower currents. Moreover, future works comprehend the
deposition of other materials, with the same purpose of decreasing
the electrode impedance and achieve high Signal to Noise ratio,

as carbon based (Onion-like carbon [62]), or conductive polymers

as PEDOT [65].
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CHAPTER 4

Conclusions and Future Developments

In this Master Thesis project, the optimization of the design and
the fabrication of the electrical layer, the etching processes, the
electroplating of metal as well as carbon based material and the
integration of the optical and electrical systems have been carried
out. The final goal was to fabricate, through microelectonic tech-
nologies approaches at wafer scale, the first high density, multi-
functional optoelectronic neural probe for locally monitoring and
stimulating the central nervous system.

The work discussed in the previous chapters has been carried
in collaboration with the Lawrence Berkeley National Labora-
tory, Molecular Foundry - Nanofabrication facility. The project
proposes a micro-device able to simultaneously monitor and stim-
ulate small population of neurons of the central nervous system
of the brain cortex. The goal is achieved implementing and in-
tegrating two different circuits in the device: the electrical one

for monitoring and the optical one for stimulation. The electri-
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cal circuit is composed of a set of 64 gold electrodes in both the
external part of the probe, with the task of connection to exter-
nal electrical control, and in the shank of the probe, which is the
active part of the device that will be inserted in the brain. The
shank electrodes have the task of interface nervous cells, sensing
the Local Field Potentials generated by their electrical activity.
On the other hand the optical circuit provides a certain number
of rings resonators, waveguides and focusing gratings in order to
stimulate genetically modified light-sensitive neurons above the
gold electrodes. Once the neurons are stimulated, the electrodes
will record the subsequent electrical activity.

The critical step encountered was the fabrication of the elec-
trical system. The low working electrodes yield (50 — 70%) and
the presence of short circuits in between the wires (15 — 30%)
presented an issue for the performances of the recording task.
Optimization of the pattern transfer in the exposure and devel-
opment steps, through tests on the dose-sonication relation, the
layout design critical for the formation of short circuits, and the
lift-off process delicate for the dimensions of the wires lead to
the achievement of good results. The working electrode yield has
been increased to 96.85 — 100%, and the presence of short circuits
reduced up to 5 — 10%. Further efforts are needed to achieve no
shorts in between wires, indeed thanks to the algorithms exploited

for the triangulation of the neurons, as discussed in the previous
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chapter, the electrode yield value could be considered satisfying
for this application.

Another critical step encountered was the deposition of Acti-
vated Carbons (ACs) on the recording sites, with the purpose
to increase the Signal To Noise ratio of the electrical read-out.
Several tests in order to achieve good electrochemical param-
eters for a controllable deposition have been carried out. Re-
sults showed the possibility to selectively deposit the ACs on sin-
gle electrodes, through Electrophoretic deposition, and to reduce
their impedance. Further studies and optimization have to be
carried to achieve a well controlled process.

Concerning, instead, the optical system optimizations of the
etching process for the waveguides pattern transfer and the input
optical fiber connection have been tried. Scattering losses due
to the waveguides edge roughness use to limit the output optical
power. Reactive Ion Etching recipe (C'H F3 — Os) have been stud-
ied varying the relative gas concentrations and the pressure in the
reaction chamber with the purpose of limiting the edge polymers
formation and consequently the roughness without eliminating
the soft mask employed. However, optical measurements did not
show an increase of performances. Different approaches have to
be investigated, as the use of an hard mask to remedy the resist
thinning. The optical fiber, used as light input for the optical sys-

tem, connection step have been investigated using a novel method
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Figure 4.1: Possible new design of the probe integrating a MicroFluidic circuit.

consisting on the edge lapping to achieve a D-shape ending favor-
able to the match with device width, that is limited by the min-
imal brain damage requirement. The process showed low optical
performances and low controllability , therefore the it should be
optimized or moreover the fiber thinning goal should be achieved
with different methods, as the etching in HF.

Finally, the stacked integration of the two circuits have been
optimized employing a flowable oxide as planarization layer in be-
tween the optical and the electrical system. The process showed
good results in term of ease of processability without lowering the
electrical and optical performances of the probe.

To summarize, the optimization of the recipes have been able
to release the neural probes ready to be sent to neuroscientists for
in-viwo tests on rats, that will finally validate the performances
and the limits of the device. After this thesis work, the neu-
ral probe project will proceed with the already cited development

needed to push the performances, and with further multifunction-
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ality as the implementation of microfluidic channels. The goal of
this new component is the stimulation of the neural activity by
a chemical point of view: the microfluidic channels will deliver
the necessary ions to cause the release of neurotransmitters. A
possible sketch is shown in fig. 4.1.

Once successful, the neural probe will help to go toward experi-
ments in the human brain in order to give us as mush information
as possible about the neural system itself, or in order to be used

as Brain-Machine Iterface.
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