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Frontispiece

Micro-structured light emitting diode coupled glass optrode array. Top: prototype

with metal pinhole layer. (Left) a lighted needle-aligned pixel for deep brain stim-
ulation; (Right) a lighted interstitial pixel for brain surface stimulation. Bottom:
prototype with silicon interposer structure with all pixels lighting up. The optrode
array was wire bonded to electrical driven system by insulated gold wires and the

device was encapsulated with a water proof polymer. (Scale bar: 1 mm).



Abstract

This thesis mainly focuses on the technology development of electrophysiological
recording devices and optical stimulation devices for studying the information
flow along the neural network in the brain. Specifically, it concentrates on the
penetrating microelectrode array and the micro-sized light emitting diode (uLED)
coupled glass optrode array for electrophysiological recordings and optogenetic
applications respectively. Since a neuron is an electrically excitable cell which is the
basic building block of human brain, its electrical activities (spikes) are responsible
for functions such as vision, speech, hearing, learning and memory. Therefore,
neural recording is one of the efficient ways to understand the relationship between
neural activities and brain functions. Devices like microelectrode arrays have
been developed to extract the spikes from brain tissue to a read-out electronic
system for analysing. In order to identify and sort out spikes generated by a
single neuron, the electrode density of the penetrating microelectrode array in
this project is about 350 electrodes/mm?. With the 200-ym long needles, the
microelectrode array can penetrate the outer layer of sliced brain tissue and contact
to the healthy cells underneath. Low impedance electrodes (450 k2 at 1 kHz)
makes the device able to record the small (hundreds of microvolts) extracellular
signals. On the other hand, neuronal modulation is another strategy to investigate
the information flows in neural networks. Compared to the electrical stimulation,
optogenetics provides an optical modulation to the neurons with high selectivity
and spatiotemporal resolution. In this project, a pLED array is designed and
fabricated as a light source for a coupled optrode array. In terms of the design,
the optrode array is able to provide an optical irradiance of about 80 mW /mm?
at the needle tip which is enough to optically excite up to 5500 neurons in the
sub-cortical structures. Moreover, the optrode array can provide both deep brain
stimulation and superficial illumination of the brain cortex. Besides, multi-site
stimulation could also be achieved by lighting up one or more LED elements.
During the stimulation, the temperature change can be kept below 1 °C which

will not affect neuronal signalling in the cortex.
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Chapter 1

Introduction

People have been intrigued by the inner workings of our brains since the dawn of
civilisation. We have striven to understand how we sense the world, what governs
our emotions and how we learn and remember. Contemporary neuroscience re-
search has revealed that the brain is an exquisitely complex organ. However, many
aspects of its function are still not fully understood. Recently, huge collaborative
efforts have been made to attempt to fill in some of the gaps in our understanding.
These include large multi-disciplinary projects such as the Human Brain Project
in Europe with €1.019 billion of funding [4, 5] and the BRAIN Initiative in the
USA with $4.5 billion of funding [6, 7]. The work throughout this thesis aligns
with these collaborative projects, aiming to develop new devices for neuroscience

that allow researchers to push the boundaries of current human understanding.

1.1 Motivation

The human brain is one of the greatest mysteries in science with 10'* neurons
and more than 10" connections [8]. Neurons are key building blocks of the brain;
they are responsible for information flow and processing. As such they are the key
focus of most neuroscience work. Neurons process information through the use of
both chemical and electrical signalling, however, the majority of the information
flow is through electrical pathways. Recording these electrical signals is a popular
strategy to investigate the links between neural activities and brain functions. In
the past decades, tremendous efforts have been made to enable neural recordings
(Fig. 1.1).
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Time scale for the development of neuroscience. (Above the time

arrow) time scale of milestones in neuronal recordings [9-20]; (Below the time
arrow) time scale of developments in semiconductor microfabrication technolo-

gies [21-36]. After [37]

FIGURE 1.1:

In 1929, one of the earliest neural recordings was reported by Edgar Adrian [9]. He

inserted a concentric needle electrode (a 36-gauge needle with an enamelled copper

wire in the centre) into the muscles and record neural activities from motor nerve

fibres [9]. His refined method could be applied to achieve neural recordings from

but also in human being. As a reward of

)

in a laboratory animal

muscles, not only

the excellent work in neural recordings, the Nobel Prize in Physiology or Medicine

was given to Adrian and Sherrington in 1932. In the following decades, single-unit

electrodes such as glass micro-pipettes or metal microelectrodes made of platinum

or tungsten have been used to obtain neural activities from neurons [38, 39]. Even

though individual neural signals could be recorded and analyzed, recording from

many neurons simultaneously is required to understand the information flow in

neural circuits. In order to record neural activities from large population of neu-

rons, devices such as microelectrode arrays have been developed to enable high
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FIGURE 1.2: Novel devices developed in this project. (a) Scanning electron mi-
croscopy (SEM) image of high-density penetrating microelectrode array. Scale
bar: 200 um. (inset) close-up image of needles. Scale bar: 50 um; (b) Image of
optrode array with one illuminated element. Scale bar: 1 mm.

spatial resolution neural recording. For the most recent and advanced devices, the
structure of microelectrode array has been transformed from two dimensional to
three dimensional, which enables microelectrode arrays to access the neurons in
deeper regions of brain. Furthermore, penetrating microelectrode arrays are able
to achieve electrical recordings from neurons in a three-dimensional distribution

in the brain.

Microelectrode arrays are not only able to achieve neural recording, but also to
enable electrical neural stimulation. Based on the nature of neuron, electrical
stimulation of neurons can initiate a response by depolarizing the membrane po-
tential of the neuron. In this way, the activity of the nervous system could be
modulated by applying electrical current. However, electrical stimulation results
in the depolarization of all neurons around the stimulated area. This makes it a
challenge to link brain functions to the activities of specific neurons. To face this
challenge, a novel stimulation technology called optogenetics has been developed
to optically control the behaviours of neurons that have been genetically modified.
This technique was named as the “Nature Method of the Year” in 2010 [40]. By
applying genetic engineering processes, targeted types of neurons can be trans-
formed into light-sensitive neurons and only genetically targeted neurons generate
electrical signals in response to a light pulse. Consequently, optogenetics opens a

new door for exploring brain functions.

During this thesis, novel devices have been designed and fabricated for the in-

vestigation on how information flows in a neural network. In order to record
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signals from neurons located in deep brain regions, a penetrating microelectrode
array with high electrode density has been developed (Fig. 1.2(a)). Moreover,
three-dimensional electrodes are able to penetrate into the deep region of brain to
extract signals from neurons that are difficult to reach [41]. Micro-structured light
emitting diode (uLED) arrays have been fabricated for optogenetics. A uLED is
a simple but powerful source that could be easily integrated with other devices.
Here, the pLED array is coupled to a Utah glass needle array [42, 43| so that the
light could be guided into the deep brain region in a minimally invasive fashion
(Fig. 1.2(b)). The integrated device, named as optrode array, enables optical con-
trol on neural behaviours with high spatiotemporal resolution and minimal heat
generation. Details of both devices are demonstrated later in this thesis including

fabrication steps and performance characterizations.

1.2 Outline of thesis

In this thesis, the background of this interdisciplinary project is introduced in
chapter 2, including neuroscience and the state-of-the-arts in this field. In chap-
ter 3, experimental semiconductor fabrication techniques used in this project are
described. In subsequent chapters, device fabrication and characterization are all
covered: chapter 4 describes the fabrication process of penetrating microelectrode
array; characterization of penetrating microelectrode array is also included in this
chapter. The fabrication process and characterization of uLED coupled glass op-
trode array is detailed in chapter 5. All experimental results show that the devices
have good performance and could be applied in further biological experiments. Fi-
nally in chapter 6, an overall conclusion is given and some new ideas for future

work are outlined.



Chapter 2

Neuroscience and optogenetics

Neurons are electrically excitable cells and are the basic computational building
block of the brain. Because of their unique structures, they can communicate with
each other via electrical and chemical signalling. Electrical signals can propagate
along the neural structure, for example, slow-wave potentials and local field po-
tentials. On the other hand, chemical signals such as neurotransmitters pass from
one neuron to the next adjacent neuron. It is known that the electrical signals are
partly responsible for many brain functions. They can propagate in the whole ner-
vous system so that the brain can control our behaviour efficiently. To date, several
technologies have been developed that allow us to electrically record from neurons
and help to improve our understanding of the interactions between neurons. In
particular, two popular types of microelectrode arrays are the Michigan probe [44]
and the Utah microelectrode array [45]. Both of them enable electrical recordings
from large population of neurons. Moreover, some types of microelectrode arrays
could also enable electrical stimulation [46, 47]. However, when introducing an
electrical stimulus, a group of neurons around the stimulus would be activated
simultaneously. Therefore, the electrical stimulation is unable to selectively acti-
vate specific types of neurons or activate neurons in the specific region of brain. In
order to stimulate a certain type of neuron or neurons in specific region, a novel
strategy called optogenetics has been developed [48]. In this chapter, an intro-
duction to neurons is given in section 2.1 including neuron structure and function
and in section 2.2, the development of optogenetic technique is introduced. In
section 2.3, microelectrode array technology for neural recording and stimulation
is detailed highlighting the state-of-the-art of electrophysiological devices. Devices

for optogenetics are also described in this section.

5



Chapter 2. Neuroscience and optogenetics 6

2.1 Structures and functions of neuron

The human brain consists of billions of neurons and each neuron has up to 10,000
synapses [49, 50]. The structure of a neuron is different from other cells in the
human body [1, 51]. There are three main parts in a single neuron: soma, axon

and dendrites. The schematic of neural structure is shown in Fig. 2.1.

Axon terminal

Dendrite /

Myelin sheath
, Soma
Nucleus Axon

FIGURE 2.1: Schematic of neuron structure, including three parts: soma (cell
body), axon and dendrites.

The soma is the cell body which contains the same organelles that are found in
all animal cells and the size of soma varies from 10 pym to 25 pm in diameter.
The most important component inside the soma is the nucleus, which contains
DNA (deoxyribonucleic acid). DNA contains the blueprint of growth, develop-
ment, function and reproduction. To control the cellular behaviours, proteins are
produced based on the sequences of DNA to participate in virtually every process
within cells. For example, some proteins are enzymes that catalyse biochemical
reactions. Other proteins also function as structural units in cell membranes to

maintain the stability of the intracellular environment (cytoplasm).

Axon and dendrites are extensions of the soma. The axon begins with a region of
soma called the axon hillock and can extend from less than a millimeter to over a
meter long. The end of axon is called the axon terminal. This is the point of the

neuron that makes contact with the dendrites of another neuron. The contact point
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is called a synapse and each neuron has up to 10,000 synapses. The synapse has two
sides: presynaptic and postsynaptic side. The presynaptic side is on the signalling
neuron and the postsynaptic side is on the receiving neuron. Neurons receive a
signal or multiple signals from their dendrites, processes the signal and then if the
correct conditions are met a new action potential is generated and passed down
the axon to a neighbouring neuron/neurons. Since the structures of dendrites are
similar to the branches of a tree, each neuron can make at least 10,000 connections

to other neurons, allowing neurons to build the complex nervous system.

The entire neuron is defined by the neuronal membrane. The membrane acts as
a barrier to separate the cytoplasm from the extracellular fluid. The cross-section
of neural membrane is shown Fig. 2.2. The basic chemical unit of the membrane
is the phospholipid and it contains a long tail, which is hydrophobic and a head
which is hydrophilic. When making a neuronal membrane, the hydrophilic heads of
phospholipid molecules face the outer and inner water-based environment and the
hydrophobic tails face each other. As a result, the phospholipid molecules form a
stable structure called phospholipid bilayer. Moreover, there are proteins studded
inside the phospholipid bilayer, which are called channel proteins. These proteins
form ion channels and are able to allow ions to flow across the cell membrane. In
this way, a balance of neuronal internal environment and external environment is
kept to maintain the normal function of neurons. In particular, the information
transmission between neurons mainly depends on the neuronal membrane, and

the channel dynamics.

When the neuron is in rest state, the ion concentrations in both the internal and
the external environment is different. As shown in Table 2.1, potassium ions
(K*) are more concentrated inside of the neuron and sodium ions (Na™) are more

concentrated outside the neuron due to the high selective permeability to K ions.

TABLE 2.1: Approximate ion concentrations on each side of a neural membrane:
the Giant Axon of the Squid [1, 2].

Concentration Concentration

lon outside (in mM) inside (in mM)
K+ 20 400
Na™* 440 50
Cl~ 960 92

A~ (organic anions) — 385
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Phospholipid
bilayer

Y Y
| | | | I
A A A A A A AN

Cytoplasm

FIGURE 2.2: Cross-sectional diagram of neural membrane. The phospholipid
bilayer is the main component of neural membrane and the embedded proteins
form ion channels that allow ions flow into and out of neuron.

Typically, the measured resting potential is about -75 mV with respect to the
outside [1, 51]. The discrepancy between the measured resting potential and E;,,
given in Table 2.1 demonstrates that the real neurons at rest are not exclusively
permeable to potassium ions or sodium ions. The resting potential is contributed

to by concentrations of all types of ions inside and outside of the neurons.

When the neuron is at excitable state, the proteins will open the Nat channels.
Because of the large concentration gradient between inside and outside of neuron,
the Na* ions can flow into the neuron. As a result, the cytoplasm becomes less neg-
atively charged and the neural membrane is depolarized. When the depolarization
passes a certain threshold level, the membrane will generate an action potential.
When the action potentials propagate to the axon terminal, the depolarization
will make the synapse release a chemical signal called a neurotransmitter to the
postsynaptic terminal of the neuron. Therefore, the information in the form of

action potential is transformed into a chemical signal at the presynaptic terminal
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Membrane potential (mV)

Time (ms)

0 1 2 3 4 5

FIGURE 2.3: Schematic of an action potential from any intracellular micro-
electrode measurements. If the stimulus is not strong enough, the initiations
(green) could not reach the threshold level (red) and would be back to resting
potential (yellow) rapidly. However, the action potential is triggered (white)
with certain identifiable parts: resting potential, rising phase, overshoot, falling
phase and undershoot. After [51]

and the chemical signal then is converted into an electrical signal at the postsy-
naptic side of next neuron. As a result, the information spreads out in the entire

neural network via electrical and chemical signals.

In this thesis, I focus on the development of devices to record or elicit action
potentials. The basic waveform of a single action potential is shown in Fig. 2.3. If
the stimulus is not strong enough to trigger the depolarization over the threshold
level (typically about -55 mV [52]), the initiation would return back to resting
potential rapidly. On the contrary, an action potential would be generated by

the neuron as a response to the stimulus. From the beginning to the end, the
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action potential typically lasts a few milliseconds (ms). Therefore, I designed and
fabricated a novel type of device for electrical recording and the details will be given
in the following chapters. In the next section, recent technologies for electrical
recording are reviewed to show the state-of-the-arts in the electrophysiological

recording field.

2.2 Technologies for electrophysiological record-

ings

In the past decades, different types of devices for electrical recordings from neurons
have been developed. In 1959, Hubel and Wiesel demonstrated neural recordings
from single neurons in the striate cortex of cats by using tungsten-based microwire
electrodes [11]. Based on the experimental results, Hubel and Wiesel found the
relationship between the brain regions and the visual functions. Moreover, they
discovered how nerve cells process the sensory information on their way from the
retina to the cerebral cortex and how the cortex changes during the information
process. In 1981, Hubel and Wiesel received the Nobel Prize in Physiology or
Medicine for discoveries on how information is processed in the visual system [53].
Other materials such as platinum and iridium were also used to make microwire
electrodes [54, 55|. However, the neural recording achieved by microwire electrodes
could not be used to clarify the information flow in neural circuits due to the low
spatial resolution. Therefore, novel microelectrode arrays have been developed to
improve the recording resolution by extracting electrical signals from large popu-
lation of neurons simultaneously. Due to the high electrode density, signals from
up to a thousand neurons could be recorded simultaneously. As a result, neu-
ral recordings with high spatiotemporal resolution could be recorded to analyse
information flows in neural circuits. Microelectrode arrays are now made from
different materials using microfabrication techniques. A review of microelectrode
array development is given in the following sections and the related fabrication

techniques will be described later.
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2.2.1 Planar microelectrode array

One of popular styles of microelectrode arrays is a planar microelectrode array.
Normally, planar microelectrode arrays consist of large numbers of individually
addressable electrodes which are used to record the action potentials generated by
neurons. In 1980, J. Pine et al. demonstrated an efficient way of recording ac-
tion potentials from cultured neurons via extracellular microelectrode array with
32 electrodes [56]. In order to achieve high recording resolution and high qual-
ity of spike sorting, the microelectrode arrays with large area coverage and high
electrode density have been developed for different applications in the following
decades. As shown in Fig. 2.4(a), Morin et al. fabricated a 8 x 8 planar mi-
croelectrode array, which provided 32 channels to record neural network activity
[57]. Typically, the microelectrode array was fabricated on a rigid substrate such
as silicon due to the ease of fabrication. However, some experiments required light
transmission through the microelectrode array. For example, in order to fully un-
derstand the information flow in retina, the photoreceptors could be illuminated
by light, resulting in signal generation in the retinal ganglion cells (RGCs) layer
recorded by the planar microelectrode array. Therefore, the microelectrode array
was required to be transparent to let the light pass through and reach the retina.
Litke et al. developed a planar 512 microelectrode array on glass substrate for
studying retina in vitro [58]. The diameter of electrode was 5 um and the elec-
trode spacing was 60 ym. All the electrodes and interconnection wires were made
of indium tin oxide (ITO), which is a conductive and transparent material. The
device was further optimized by Gunning et al. by increasing the electrode density
[59]. In their report, they demonstrated a high-density 519-microelectrode array
with 30 pum electrode pitch (center-to-center distance between two neighbouring
electrodes) to record signals from hundreds of RGCs simultaneously (Fig. 2.4(b)).
Considering the size of neurons, which ranges from tens micrometres to a hun-
dred micrometres, it is important to design the microelectrode array with cellular
or subcellular dimensions. To achieve cellular or subcellular recording resolution,
Frey et al. combined microelectrode array to CMOS system so that the entire
array consisted of 11,016 electrodes (7 pm in diameter with 18 pum pitch) [60].
The CMOS-based microelectrode array showed high spatial-resolution recordings

with high signal-to-noise ratio from neuronal cells (culture and slice) (shown in
Fig. 2.4(c)).
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FIGURE 2.4: Different designs of planar microelectrode arrays. (a) The top
view of 8 x 8 planar microelectrode array. Scale bar: 5 mm. The inset is the
close-up image of array (scale bar: 400 pm) [57]. (b) The 30 pum spacing 519-
electrode array designed. The inset is the close-up image of the center (scale
bar: 30 pum) [59]. (c) The fully packaged CMOS-based planar microelectrode
array [60].

Even though the planar microelectrode arrays have a large number of electrodes
and are able to achieve high recording density, they could only record signals from
neurons which lie at the surface of tissues. When preparing slices, neurons on
the surface of a slice may get damaged during preparation and may not behave
normally. Therefore, it would be better for the microelectrode arrays to record
from healthy neurons below the surface. However, planar microelectrode arrays
could not easily reach neurons located deeper in the tissue. As a result, penetrating
microelectrode arrays have been developed to record electrical signals from neurons

beneath the surface layer.



Chapter 2. Neuroscience and optogenetics 13

2.2.2 Penetrating microelectrode array

When neural tissues, like the brain, are sliced for studying in wvitro, the surface
of the tissue slice may get damaged. As a result, planar microelectrode arrays
are unable to reach the healthy neurons with intact connections. Moreover, some
neurons of interest are underneath the surface and cannot be contacted directly by
planar microelectrode arrays. Therefore, penetrating microelectrode arrays have
been developed to overcome those problems. Recently, there are two main types of
penetrating microelectrode arrays that are widely used: one is the Michigan probe
and the other one is the Utah needle array. Both microelectrode arrays can be
made by semiconductor fabrication techniques and the details will be introduced

in chapter 3.
The Michigan probe

The Michigan probe is one of the classic types of penetrating MEAs, which was
firstly developed by Wise et al [61]. This probe included gold electrodes which were
fabricated on a silicon substrate and could be used to record spikes from neurons
in the brain. Since then, there has been a drive to reduce probe dimensions and
minimize tissue damaging during implantation. Therefore, different probes have
been developed in the following decades. Wise et al. developed a single shank
probe with multiple recording sites in 1985 [62]. A scanning electron microscope
(SEM) image of the device is shown in Fig. 2.5(a). The shank of probe was
thinner and narrower (50 pm wide and 15 pm thick) than previous device so
that the probe was capable of simultaneous multichannel recording in deep brain
with minimal tissue disturbance. In order to record signals from more neurons in
deep brain regions, novel designs have since been developed. There is not only
single shank with multiple recording sites, but also multiple shanks with multiple
recording sites. Norlin et al. fabricated several different probes in 2002. One had
single shank with 32 iridium electrodes and the other two had multiple shanks
(as shown in Fig. 2.5(b), 8 shanks with 4 electrodes on each shank and 4 shanks
with 8 electrodes on each shank) [63]. All the shanks had dimensions of 5 mm X
25 pm x 20 pm (length x width x thickness) and the sharp tips with angles of
4°. The more advanced neural probe was reported by Scholvin et al. in 2015 [64].
Compared to the old designs, their design included close-packed microelectrodes
(1000 recording sites with the pitch of 11 um and each site is 9 um x 9 pm, Fig.
2.5(c) & (d)) which enabled spatial oversampling of neural activity in the live
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FIGURE 2.5: SEM images of different types of probes for neural recordings. (a)
The probe with single shank. Scale bar: 40 pum) [62]. (b) Multi-shank probe,
with 4 recording sites on each shank. Scale bar: 100 pum). The inset shows a
close-up image of single electrode. Scale bar: 10 pum) [63]. (c) The high density
neural probe, including 1000 9 x 9 um? electrodes. Scale bar: 50 um [64].
(d) The top-down SEM image of recording area with four columns close-packed
electrodes. The arrow indicates the direction towards to the tip of the probe.
Scale bars: 10 ym [64].

mammalian brain. The close-packed recording electrodes were able to record the
electrical signals of single neurons from multiple recording sites, making the data
analysis easier. To date, NeuroNexus Inc. has made the Michigan probe available
for commercial production. The standard probes are utilized in labs all over the

world for single-unit and multi-unit neural recordings and stimulations.
The Utah array

The Utah array is another popular penetrating MEAs that has been widely used
in neural recording. The Utah array is a silicon-based microneedle array that
used to stimulate and record from cortical neurons [65]. When compared to the

Michigan probe, the Utah array has larger coverage area and was able to map
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FIGURE 2.6: SEM images of different types of Utah array. (a) The SEM
image from Campbell et al. Scale bar: 400 pm [65]. (b) The close-up image of
silicon-based Utah array. Scale bar: 400 um. The inset shows the tip of needle.
Scale bar: 15 pm [66]. (c) The SEM image of parylene-coated Utah array. Scale
bar: 400 gm. The inset shows the needle coated with parylene-C. The tip was
exposed to record electrical signals generated by neurons. Scale bar: 100 pm)
[67]. (d) The SEM image of high-density Utah needle array located on a US
penny. The length of needles ranges from 300 yum to 800 pum. Scale bar: 3 mm
[68].

the interactions between neighbouring neurons. Campbell et al. demonstrated a
complete design of Utah array [66]. As shown in Fig. 2.6(a) & (b), this silicon-
based array consisted of a 4.2 mm x 4.2 mm X 0.12 mm silicon substrate and
100 sharpened silicon needles with 1.5-mm length. The array was connected to
outer electronic circuits via wire bonding so that electrical properties could be

characterized and then could be used to record signals from the neural tissue.

In the following decades, some advanced Utah arrays have been developed for dif-
ferent applications. When considering the biomedical microsystem, the material
selections are really important since all the implantable devices should be biocom-
patible to biological tissues. Therefore, R Bhandari et al. developed an integrated
system which combined the integrated circuits (IC) to the Utah array and the
whole system was encapsulated with parylene-C, which was a widely used bio-

compatible material [67]. The SEM image of parylene-coated device is shown in
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Fig. 2.6(c). The whole needles were coated by parylene-C film except for the tips
of the needles which functioned as recording sites. Moreover, in order to record
signals from sub-millimeter neural structure and small diameter nerves (<2 mm),
the device with small recording sites was required. Wark et al. developed Utah
needle array with approximately 10-um recording sites [68]. As shown in Fig.
2.6(d), the whole array involved penetrating needles with lengths ranging from
300 to 800 pm so that the array could be used to fully understand more complex

spatial neural interactions.

2.3 Technologies for optogenetics

Extracting electrical signals from neurons is one of the popular strategies in study-
ing neural circuits. Furthermore, activating neurons via electrical stimulation is
a conventional way to stimulate neural circuits [69]. However, electrical stimu-
lation has no selectivity for neuron type, with all neurons in a certain volume
being activated. It is also not possible to electrically inhibit neurons. Therefore,
novel techniques such as optical regulation have been developed to achieve full
control over neural activities, including activation and inhibition. This capability
was firstly mentioned by Francis Crick in 1979 [70] when he considered light as
a possible control tool in neural circuit analysis. However, the strategy to make
neurons responsive to light was not available until optogenetic techniques were de-
veloped in 2007 [71]. Optogenetics is known as the combination of genetic neural
modulations that make neurons express light-sensitive proteins in cell membrane
and the optical regulations of neural activities. Those light-sensitive proteins are
called opsins and they are embedded into the membrane to create light-sensitive
ion pumps or ion channels. As a result, ions flow across the membrane and can

be controlled by visible light, which leads to optical control of neural activities.

2.3.1 Opsins

Opsins are a group of light sensitive proteins and come in two different types
[72, 73]. Type I opsins are seven-transmembrane-domain proteins produced from
microbial opsin genes [74] and tpye II opsins are similar proteins to type I, but are

mammalian counterparts [74].
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The first identified opsin is the haloarchaeal proton pump bacteriorhodopsin (BR,
Fig. 2.7) [75-77]. Once in low oxygen conditions, BR is highly expressed in the
haloarchaeal membrane to pump the protons from the cytoplasm to the extracel-
lular environment in response to light [77, 78]. Some other opsins have similar
functions, and were identified later such as archaerhodopsin (Arch). These light-
gated proton pumps respond to green or yellow light (wavelength is from 500 nm
to 600 nm) by pumping protons out of cells [79]. Halorhodopsin (HR), a light-
activated chloride pump, was then discovered in archaebacteria in 1977 [80]. The
operating principles of HR are similar to the ones of BR. When HR is expressed in
the cell membrane, it will pump chloride ions into the cytoplasm from the extra-
cellular environment as a response to yellow light (wavelength is about 570 nm)
[81]. In the following decades, channelrhodopsins (ChR) were found in green algae
[82]. ChRs are light-gated ion channels which allow ions to flow across the cell
membrane. One of the most widely used channelrhodopsins is ChR2. When it
is expressed in a neuron and exposed to blue light (wavelength is about 470 nm)
[83], ChR2 is able to depolarize the neuron to trigger a spike in response to the
blue light.

The control over ion transport across the membrane presents two ways to manip-
ulate neural activity: either to excite neurons or inhibit neurons. To achieve those
two goals, different types of opsins are used. ChR-2 is one of the most widely
used opsins in neuron excitation [86]. It is a directly light-gated cation membrane
channel which allows H*, Ca?*, Na* and K* flow in and out across the membrane
as a response to the blue light. The neuron is activated when the membrane po-
tential is beyond the threshold. When the membrane potential falls back to the
rest level, the neuron is deactivated. According to the plot of membrane potential,
a time constant called off-kinetics is used to characterize the neural deactivation.
Typically, ChR2 provides about 10 ms off-kinetics. In order to achieve higher
expression level, some improvements have been made by genetically engineering
ChR2. For example, introduction of the H134R mutation into ChR2 offered about
two-fold slower off-kinetics (18 ms) [74], but higher sensitivity to light. Another
variant of ChR2 is called Chronos, which is a new blue and green light-drivable
channelrhodopsin [87]. It has a short deactivation time constant (about 3 ms),
so that it can generate spikes as a response to light with a frequency of 60 Hz
[87]. There is also a new red light drivable variant called Chrimson. It shows a
red-shifted absorption spectrum (peak at 590 nm) and allows neurons to be acti-

vated by short light pulses (5 ms) [87] . In addition, Chrimson may achieve precise
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FIGURE 2.7: Basic properties of optogenetic tools. From left to right: bacteri-
orhodopsin (green light), archaerhodopsin (yellow light), halorhodopsin (yellow
light) and channelrhodopsin-2 (blue light). The delivered ions and ion flow
pathway are indicated [79, 84, 85].

temporal experiments in deeper brain regions where blue light is scattered.

For neural inhibition experiments, the light-driven chloride ion pump, halorhod-
posin (NpHR), and light-driven proton pump archaerhodopsin (Arch) are the most
widely used opsins. The peak absorption of NpHR is at about 590 nm and the
off-kinetics is about 4.2 ms [88]. Both Arch and its variant ArchT have a deacti-
vation time constant of 9 ms and the variant ArchT improved the light sensitivity
(more than 3 times) [74]. To further improve the light sensitivity of optogenetic
tools, the light-gated anion channel rhodopsins (ACRs) are introduced to provide
efficient membrane hyperpolarization and neuronal silencing through light-gated

chloride conduction [89].
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2.3.2 Opsin expression

When opsins are expressed in neurons, those neurons become light sensitive and
are able to respond to the corresponding light stimulation. Several approaches,
such as viral delivery, transgenic mouse generation and in utero electroporation
can be utilized to introduce opsins into neurons [90, 91]. Viral delivery is a method
that uses viruses as carriers to deliver opsins into neurons. Viruses such as adeno-
associated viruses (AAV) and lentiviruses have been widely used in recent studies
and opsins delivered via AAV can be introduced not only in mice, but also in
other species such as rats and non-human primates [92-95]. Moreover, in order
to make viruses target specific types of neurons, the opsin gene is inserted in the
neighbouring region of placed sites that undergo genetic recombination. Recently,
Cre recombinase is one of the most commonly used recombinases for genetic re-
combination [96, 97]. When the AAV virus with opsin gene is injected into the Cre
mouse, it recombines and then enables opsin expression only in the neurons that
express Cre recombinase [98-101]. Chan et al. have shown that the viruses can be
injected into multiple regions in the brain at once by using multipleinjector arrays
[102]. Therefore, opsins could be expressed in different brain regions and can be
used to map neural circuits. An alternative opsin expression method, that avoids
the use of viruses, is to use a transgenic animal to carry optogenetic construct
with a site-specific recombinase [103]. Therefore, the viral expression of opsin is
not required due to the expression of the particular Cre in the animal. All the de-
scribed methods can be used to make large population of neurons respond to light
stimulation. To target the single neuron, electroporation is an option to introduce
the opsin gene into an individual neuron. As mentioned by B Judkewitz et al.,
a micropipette is placed close to the targeted neuron. Then a train of negative
voltage pulses (e.g. -12 V) is applied to force neural membrane to be permeable
for the transfection [104].

2.3.3 Development of optogenetic devices

In order to optically stimulate neurons in a large volume, optogenetic techniques
have been developed to modify the neurons and optogenetic devices have been
designed to introduce light to the target region. After genetically engineering
light-sensitive proteins into neurons, the corresponding light should be delivered

into brain tissue to activate them. One of the most simple and common strategies
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FIGURE 2.8: Images of different optogenetic devices. (a) The integrated system
driven by a current of 20 mA. Light coupled from puLLED delivered to the facet
of fiber. Scale bar: 1 mm [105]. (b) McAlinden et al. demonstrated that final
device mounted onto a printed circuit board (PCB). Scale bar: 1 cm [106]. (c)
6- shank uLED probe with 16 yLEDs per shank. The inset on the right: a SEM
image of one shank. Scale bar: 1 mm [107].

is to use fibre optic cannula to deliver light into deep region of brain tissue [91]. In
2014, Pisanello et al. have developed an approach to couple light into the brain by
using tapered optical fibres [108]. The tapered optical fibres enable spatial control

over the light beam, resulting in large illumination volume.

However, the light was delivered via optical fibres and the light sources were usu-
ally lasers which are bulky and expensive [91, 109, 110]. The behaviours of subjects
were often limited by the optical fibres. Therefore, to overcome the drawback, a
pLED array is used as a light source to be coupled directly to the cannula to
allow more animal movement [111]. In the following decades, the development
of micro-structured light emitting diodes (uLEDs) makes it available in optoge-
netics. Initially, the devices consisted of a simple uLED mounted on a polyimide
waveguides (Fig. 2.8(a)) [105]. In order to achieve optical stimulation with high
spatial resolution, multiple uLEDs have been integrated together to enable pat-
terned stimulation, which provide two-dimensional neural activation with sufficient
irradiance into cultured tissues [112, 113]. However, those uLLED arrays with pla-
nar structure are unable to deliver light into deep brain region to stimulate neural
circuits. Therefore, some advanced pLLED-based optogenetic devices have been de-
veloped in recent years. A probe that contained independently activated puLEDs

was reported by McAlinden et al. and used to activate neocortical neurons in vivo
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(Fig. 2.8(b)) [106]. The device had one tapered shank with 5 mm length and the
tip was about 1 mm long and 150 pgm wide. The shank contained four pLLEDs

2 at

which emitted at 450 nm wavelength with an irradiance of up to 2 W/mm
the LED surface. An advanced LED probe was developed afterwards to achieve
deep stimulation with complex patterns. Scharf et al. reported a high-density
LED probe consisted of 96 individually addressable uLLEDs on 6 shanks and each
shank had 16 pLEDs (Fig. 2.8(c)) [107]. Therefore, the probe could cover a large
volume of tissue at deep region of brain and deliver light in different patterns with
cellular-scale resolution. However, extra recording probes are still required to ex-
tract neural responses since there were no recording sites on the LED probes. Due
to the possibility to integrate recording sites onto the LED probe, the recording
sites were fabricated around the puLEDs so that the neurons could be optically

controlled and the spikes could be recorded [114, 115].

In this thesis, I designed, fabricated and characterised two novel devices to in-
vestigate information flow in biological neural networks. One is a penetrating
microelectrode array and the other is the pLED coupled glass optrode array. The
former is used for neural recording and the latter is used for optical stimulation.
The penetrating microelectrode array was designed so that it could record neu-
ral activity in brain tissue that has been sliced during preparation (a common
technique in neuroscience when accessing deep structures in the brain). This is
required in order to access the healthy network of neurons beneath the sliced sur-
face and to achieve good neural recordings. Moreover, the density of electrodes is
required to be high to simplify the signal sorting and allow neuron identification.
As a result, the penetrating microelectrode array presented here includes 61 elec-
trodes with high spatial density (350 electrodes/mm?). Each electrode is designed
to be 200 pm high so that it is able to reach the neurons beneath the damaged
surface of sliced tissue. The device was fabricated on a silicon wafer platform using

semiconductor fabrication techniques

On the other hand, for optical stimulation, the main difficulty is coupling light
into the brain which strongly scattering the blue light needed for optogenetic
experiments. Therefore, in this thesis, a customized yLED array was designed,
fabricated and integrated with an optical version of the well-known Utah electrode
array. The direct integration of the light sources on to the Utah glass needle

array removes the need for external optics. This produces a compact, lightweight
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device capable of spatiotemporal optical stimulation of the primate cortex during

behavioural studies.

The pLED arrays were also fabricated using semiconductor fabrication techniques

and so this is introduced in the next chapter.

2.4 Summary

In this chapter, a brief introduction of neuron is firstly given and then followed by
the overview of the approaches that used to fully understand the functions of neu-
rons. T'wo main strategies are used recently to study neurons: one is to study the
information flow in the neural circuits via analysing the electrical signals (spikes)
recorded from neurons and the other one is to study the connections between brain
function and neural responses via precisely control on neural behaviours (optical
modulation). Devices that used in electrophysiological recordings and optogenet-
ics are demonstrated in section 2.3. In the next chapter, modern semiconductor
fabrication techniques used to produce electrical recording devices and optogenetic

devices will be introduced.



Chapter 3

Experimental semiconductor

fabrication techniques

Throughout this thesis, semiconductor microfabrication techniques have been used
to develop new electrophysiological and optogenetic devices. These devices will
be used to study the information flow in neural circuits. The initial materials for
fabricating these devices are silicon and gallium nitride (GaN). In modern semi-
conductor fabrication, silicon is a well-known substrate material which is widely
used in different types of semiconductor devices. GaN is also widely used for
light-emitting diode structure and power transistors. It can be grown on different
substrates (for example, sapphire or silicon) depending on the application. In this
chapter, the wafer material is introduced (section 3.1), then typical semiconduc-
tor fabrication techniques are detailed including material deposition (section 3.2),
pattern definition (section 3.3) and pattern transfer (section 3.4). Finally, addi-
tional steps (section 3.5) are introduced to the fabrication process for the purpose

of improving the fabrication yield and the device performance.

3.1 DMaterials used in semiconductor fabrication

The fabrication processes of silicon have been comprehensively developed in the
past decades. Silicon wafers are one of the most widely used material in semi-
conductor fabrication. In this project, silicon serves as a substrate to support the

features of a penetrating microelectrode array.

23
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The material used to produce GaN-based LEDs has been developed over the last
3 decades. The first LED was invented by the British experimenter Round using
a crystal-metal-point-contact structure fabricated from silicon carbide (SiC) in
1907 [116]. As a result, a yellow light was generated when the SiC crystal was
touched by a metal electrode. In the following decades, a detailed investigation
on the luminescence phenomenon of LEDs was reported and many other materials
such as II-VI semiconductors were used for LED fabrication. In the 1950's, III-
V materials were demonstrated to be another option for LED fabrication [117].
Therefore, LEDs with different emission wavelengths have been developed from
the middle of the 1950's. In 1962, the first infrared (IR) LED (wavelength ~ 870
nm) based on gallium arsenide (GaAs) was reported by Hall et al. In the same
year, General Electric Corporation provided the first commercial red LED based
on gallium arsenide phosphide (GaAs;_,P,) [118]. GaAs;_,P, is a semiconductor
alloy of GaAs and gallium phosphide (GaP) and the fraction z in the formula
indicates that there are different composition ratios between GaAs and GaP. The
value is adjustable depending on the targeted emission wavelength. To extend
the spectra of LEDs, different semiconductor materials and their alloys have been
used in the following years. Indium gallium nitride (In,Ga;_,N) is chosen for
designing ultraviolet (UV), blue and green LEDs; GaP is for green and yellow
LEDs; aluminium gallium indium phosphide (AlGalnP) for yellow, orange and
red LEDs and aluminium gallium arsenide (AlGaAs) is for red and IR LEDs [119].
In this project, the blue pLED array is fabricated from In,Ga; N wafer.

3.1.1 Categories of semiconductor

According to the solid-state energy band theory, the energy band structure in the
semiconductor crystal is defined by the periodic atomic arrangement. The energy
band structure can be visualized as having a valence band and a conduction band
separated by a bandgap, which is a forbidden energy region. There are two general
types of semiconductors: one is direct bandgap semiconductor such as GaAs and
GaN (Fig. 3.1(a)) and the other one is indirect bandgap semiconductor (Fig.
3.1(b)) such as Si. As shown in Fig. 3.1, the energy of the valence band and the
conduction band can be plotted versus the crystal momentum of electrons and
holes. The minimum in the conduction band and the maximum in the valence
band of a direct bandgap semicondutor have the same crystal momentum (k).

On the other hand, the indirect bandgap semiconductor has a conduction band
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FIGURE 3.1: The band structure of (a) direct bandgap semiconductors and
(b) indirect bandgap semiconductor. The related band-to-band transition of
electrons in the direct bandgap semiconductor and the indirect bandgap semi-
conductor is also demonstrated. After [120].

minimum and a valence band maximum for the different crystal momentums. As
a result, in the direct bandgap semiconductor, an electron can recombine with a
hole without a change in k value and the recombination will generate a photon
with with specific wavelength (A). The relationship between the wavelength of

emitting photon and the bandgap can be written as:

Eg:EC—EVzhy:% (3.1)

where F¢o represents the minimum energy of the conduction band, Fy represents
the maximum energy of the valence band, h is the Planck's constant and c is
the speed of light in vacuum. However, in the indirect bandgap semiconductor, a
lattice vibration (phonon) is required to achieve the electron-hole recombination.
Consequently, the probability of the band-to-band transition in the direct bandgap
semiconductor is higher than that in the indirect bandgap semiconductor. There-
fore, the efficiency of LEDs fabricated from the indirect bandgap semiconductor

is lower than the ones fabricated from the direct bandgap semiconductor.
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Generally, the semiconductors without impurity atoms and lattice defects in the
crystal are called intrinsic semiconductors [121]. In intrinsic semiconductors, the
number of generated free electrons in the conduction band is equal to the number of
free holes in the valence band. Therefore, the intrinsic semiconductors are overall
neutrally charged and have a relatively low conductivity. In order to improve the
conductivity of semiconductors, some impurities called dopants can be induced into
the semiconductors. This process is known as the doping process. For example,
when adding a group V element (e.g. phosphorus) to silicon, four out of five
valence electrons will be used to form the covalent bonding between silicon atoms
and phosphorus atoms. As a result, the fifth electron is left and can be elevated
to the conduction band, leaving the positively charged phosphorus ion fixed in
the silicon. The electron then can move through the crystal to generate a current
when adding a small amount of energy. Consequently, this type of dopant is called
donor and the doped material is referred to as an n-type semiconductor. If a group
I1T element, such as boron, is added to silicon, three covalent bonds will be formed
and one covalent bond will be left empty since the group III element only have
three valence electrons. As a consequence, the electrons can occupy the empty
position in the covalent bond, leaving the boron ions negative charged. When the
empty positions in the covalent bonding are occupied by the electrons, the valence
electron positions will become empty . The boron ions become negatively charged
since they “accept”the electrons and those empty positions can be referred to as
holes. Therefore, this type of dopant is called acceptor and the doped material is

referred to as a p-type semiconductor.

3.1.2 P-n junction

When an n-type semiconductor is brought into contact with a p-type semiconduc-
tor, a p-n junction is formed which is the basic component of a uLED device. For
p-type semiconductors, the majority carriers are holes and the minority carriers
are electrons. The majority carriers in n-type semiconductors are electrons and
the holes are minority carriers (Fig. 3.2(a)). When no external voltage is applied
across the junction, there are large density gradients for both electrons and holes.
Therefore, the electrons in the n-type region diffuse to the p-type region and the
holes in the p-type region diffuse to the n-type region. As a result, a depletion
region (as noted in Fig. 3.2(b)) is created around the interface between p-type and

n-type semiconductor due to the diffusion of the electrons and the holes. Across
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FIGURE 3.2: (a) Simplified geometry of a p-n junction. (b) P-n Junction
under zero bias, demonstrating the depletion region. (c) Band structure of a
p-n junction under zero bias.

the depletion region, a potential is generated by the positively charged donors
in the n-type semiconductor and the negatively charged acceptors in the p-type
semiconductor and inhibits the further diffusion of free carriers. This potential is
known as the diffusion voltage (Vp) and it can balance the diffusion of carriers in
a thermal equilibrium state. According to the band diagram shown in Fig. 3.2(c),
a barrier is formed when the n-type semiconductor and the p-type semiconductor

are in contact and it can be written as eVp, where e is the elementary charge.

When an external voltage is applied as a reverse-bias voltage, the diffusion voltage
across the depletion region will be increased and the diffusion of free carriers will
be further inhibited. On the contrary, when apply a forward-bias voltage, the
potential across the depletion region will be decreased and more carriers will be

injected into the depletion region (Fig. 3.3). Then the recombination of electrons
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FIGURE 3.3: (a) P-n junction under forward-bias voltage. (b) Band structure
of a p-n junction under forward-bias voltage.

and holes occurs and leads to photon generation. Therefore, a forward-bias voltage
is needed to drive LEDs.

3.1.3 Heterojunction and quantum well structure

As discussed before, the p-n junction is formed by an n-type semiconductor and
a p-type semiconductor. When assuming that the semiconductor material is ho-
mogeneous throughout the structure, the junction is called homojunction. On the
other hand, if the two semiconductor materials have different bandgap energies,
the junction is called heterojunction. As shown in Fig. 3.4, if a small-bandgap
semiconductor is sandwiched between two larger-bandgap semiconductors (an n-
type semiconductor and a n-type semiconductor respectively), the heterojunction
then consists of two barrier regions and this junction structure is known as a
double heterostructure. In the double heterostructure, the smaller-bandgap semi-
conductor is used for the active region and the larger-bandgap ones are used for
the barrier regions. Consequently, when a forward-bias voltage is applied, the in-

jected carriers are confined to the active region. This results in a higher carrier
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FIGURE 3.4: Band diagram of a double heterostructure under forward-bias
voltage. After [122].

p-type GaN
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FIGURE 3.5: Typical structure of a commercial In,Ga;_,N/GaN-based LED
wafer grown on a c-plane sapphire substrate. The GaN is grown on the sap-
phire substrate and includes p-type GaN, electron blocking layer (EBL), multi-
quantum well (MQW) region, n-type GaN and GaN buffer layer. The MQW
region comprises Iny;Ga;_,N layer (3 nm) and GaN layer (7 - 10 nm).

density in the double heterostructure. Therefore, all the high-performance LED

devices are fabricated based on p-n heterojunctions.

When the width of the active region Wpy is small enough and the value of Wpgy
is comparable to the de Broglie wavelength of the carriers, the active region of
the double heterostructure becomes a quantum well (QW). Since the width of the
QW can be smaller than the width of the active region, the carrier density can be
further increased by employing QW in the active region. Therefore, most yLED
devices currently consist of several QWs in the active region and this type of active

region is called multi-quantum well (MQW) region.

In this project, the wafer material used to fabricate pLED arrays is commercially
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FIGURE 3.6: Simplified band diagram of In,Ga;_,N/GaN under forward-bias
voltage. The grey region is the electron blocking layer. The Al content in the
electron blocking layer is higher than in the p-type GaN (highlighted by the
inset). After [122].

designed and grown using epitaxial growth techniques. The whole structure is
shown in Fig. 3.5. The In,Ga;_,N/GaN-based LED wafer is grown on a c-
plane sapphire substrate, which is approximately 300-pm thick. The MQW region
comprises In,Ga;_,N layer and GaN layer. As mentioned previously, the fraction
z in the formula indicates the ratio of indium/gallium. Therefore, the bandgap of
compound can be tuned by varying the amount of indium [123]. The combination
of In,Ga;_,N and GaN is designed for high radiative efficiency light emission. The
MQW region is normally covered by an electron blocking layer (EBL). Typically,
the EBL layer is made of a p-type wider-bandgap Al,Ga;_,N ternary alloy so that
it has higher bandgap energy. As a result, the electrons will not escape from the
MQW region [122]. Fig. 3.6 demonstrates the simplified band diagram of the
MQW region under forward-bias voltage.
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3.2 Semiconductor fabrication techniques

Semiconductor fabrication is a series combination of different process types used
to produce integrated circuits (ICs) that are in everyday electrical and electronic
devices. Normally, the entire fabrication process starts from the wafer preparation
to the device packaging. In this project, I mainly focused on the device fabrica-
tion process and the whole fabrication process normally fell into three categories:

material deposition/growth, pattern definition and pattern transfer.

3.2.1 Material deposition/growth

Material deposition/growth is a process that grows, coats or transfers a material
onto the sample. Available techniques include physical vapor deposition (PVD)
and chemical vapor deposition (CVD). Additional deposition strategies such as
thermal oxidation, electroplating and epitaxy are also commonly used in semicon-

ductor fabrication.

3.2.1.1 Physical vapor deposition

Physical vapor deposition (PVD) is a process used to transfer material onto the
sample without a chemical reaction. The material is released from a solid source
and transferred as a gas or vapour to the sample surface to condense as a thin film
with controlled thickness. Two common PVD techniques used in semiconductor

fabrication process are sputtering and evaporation.
Sputtering

Sputtering deposition is a process that deposits material onto the sample surface
by ion bombardment. The schematic of sputtering deposition is shown in Fig.
3.7(a). The material source is mounted on the plate (cathode), which is negatively
charged. The sample is placed on the positively charged electrode (anode). An
electrical field is generated between the cathode and anode due to the DC voltage.
Therefore, the ejected atoms such as argon (Ar) are ionized at low pressure and
accelerated towards the material source with high energy (typically up to mega
electronvolt, MeV) [124]. Material atoms then are released by ion bombardment

from the source and deposited onto the sample surface as a thin film. In this
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FIGURE 3.7: (a) Schematic diagram of sputtering deposition. The sputtering
gas (Ar) is introduced into the chamber and ionized at low pressure. Ar™ ions
then bombard the target surface to release the target atoms. Those sputtered
atoms are deposited to the sample surface to form a film with controlled thick-
ness. The cathode is cooled down continuously by water cooling lines due to
the heat generation of bombardment. (b) CVC sputtering system used in this
project.

project, sputtering deposition is accomplished in the CVC sputter system which
is shown in Fig. 3.7(b).

Evaporation

Evaporation is another physical deposition process. As shown in Fig. 3.8(a), the
sample is placed inside the process chamber, where the material source is also
located. During the deposition, the material source is heated to the point where
it starts to melt and evaporate. Molecules subsequently condense on the sample
surface. Two main methods are used in evaporation processes to heat up the
material source: one is using electron beams to provide a local heating on the
material source and the other one is applying high current to electrically heat up
the material source. As a result, there are two popular evaporation technologies,
which are electron-beam evaporation and resistive evaporation. These technologies
only differ in the heating strategies. In this project, an electron-beam evaporator
is used. The electron beam is generated from tungsten filament and is targeted
to the target materials under the magnetic field. In order to ensure the molecules
evaporate freely, the process chamber should be maintained at low pressure and the
thickness of condensed film is measured by the crystal monitor. At the meantime,

the platform of material source is continuously cooled down by the water cooling
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FIGURE 3.8: (a) Schematic diagram of electron-beam evaporation. Both the
sample and the material source are located in the process chamber. The electron
beam is generated from the tungsten filament and targeted to the material
source under the magnetic field. The material source is heated up and starts
to melt and evaporate. At the meantime, the platform of the material source
is cooled down by the water cooling lines. The vapour of the material source
is then condensed onto the sample surface as a uniform film. The thickness of
the film is monitored by the crystal monitor. (b) Edwards E306 electron-beam
evaporator used in this project. The processing chamber is highlighted by red
box.

lines. The evaporation system used in this project is Edwards E306 electron-beam

evaporator and shown in Fig. 3.8(b).

3.2.1.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is another material deposition process to form
thin film on the sample surface via chemical reaction. In general, gaseous material
sources are supplied into a reaction chamber, where the sample is also placed in-
side. A chemical reaction then takes place between the gases and produces a solid
material on the sample surface. The two main CVD technologies used in microelec-
tromechanical system (MEMS) fabrication are low pressure CVD (LPCVD) and
plasma enhanced CVD (PECVD). The schematics of both CVD reaction chamber
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FIGURE 3.9: (a) Schematic of LPCVD reaction chamber. The gaseous ma-
terials chemically react with each other in the furnace and 25 wafers can be
processed simultaneously. (b) Schematic of PECVD reaction chamber. The
plasma is generated in the process chamber to enhance the chemical reaction
between the gaseous materials.

are shown in Fig. 3.9(a) and (b) respectively. In principle, the LPCVD is able to
produce films with good uniformity but the processing temperature is higher than
600 °C. The PECVD could be processed at a lower temperature (about 300 °C.)
due to the extra energy supplied by the plasma. The LPCVD system is capable of
double-sided deposition on about 25 wafers at a time and most PECVD systems

could only achieve one-sided deposition on approximately 4 wafers at a time.

3.2.1.3 Additional deposition techniques

Except for the techniques mentioned above, thermal oxidation and electroplating
are also widely used in semiconductor fabrication. The former is to deposit a dense
silicon dioxide (SiO2) layer on silicon (Si) substrate and the latter is to deposit

thin electrically conductive materials such as platinum.
Thermal oxidation

Thermal oxidation is a simply oxidation process to form SiOs on silicon substrates
in an oxygen rich atmosphere. Two basic schemes are used in thermal oxidation:
dry oxidation and wet oxidation. Both oxidation processes take place between
about 800 °C and 1100 °C.

Dry thermal oxidation results thin SiO, layer no thicker than 1000 A on the sample
surface and the whole process takes much longer time than wet thermal oxidation.

Dry thermal oxidation has a very similar process to wet thermal oxidation. The
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FIGURE 3.10: Schematic diagram of a typical electroplating setup. The sample
is immersed into the electrolyte together with a counter electrode. The sample
is negatively charged and the counter electrode is positively charged so that
an electrical field is created between the sample and the counter electrode. A
chemical redox process therefore happens and the positively charged ions (A™)
move towards the sample surface under the electrical field and form a solid film,
while the negatively charged ions (B™) move towards the counter electrode.

only difference is that dry thermal oxidation uses pure oxygen instead of steam to

react with silicon. The reaction formula is given below:

Wet thermal oxidation is used to form thicker SiO, layer. The thickness of SiO,
layer could be up to 2.5 um. In order to avoid impurities, pure steam is used to

react with silicon substrate and the reaction formula is given below:

Si+20H™ + 2H,0 — SiOy(OH)3™ + 2H, (3.3)

However, the growth rate of SiO5 in both dry and wet thermal oxidation is non-
linear due to the oxygen diffusion into the silicon substrate. When the reaction
takes place between the Si and oxidants, part of Si is replaced by SiOs. If the
thickness of SiOy layer is D, the thickness of replaced Si layer is 0.45D according

to the molar volumes of both materials.
Electroplating

Electroplating is a process that deposits material onto the sample by applying elec-

trical current. It is a common technique used in microelectrode array fabrication
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process to form platinum black over recording sites. Typically, the sample is im-
mersed into an aqueous solution (electrolyte), where a counter electrode (usually a
platinum wire) is also located. During the electroplating process, an electrical po-
tential is applied between the electrode on the sample and the platinum wire. As a
result, a chemical redox process takes place in the solution, leading to a formation
of a thin film on the electrode. A schematic diagram of a typical electroplating

setup is shown in Fig. 3.10.

3.2.2 Pattern definition

Pattern definition is the first step in most fabrication processes. The most widely
used technique in pattern definition is photolithography, which is used to form
geometric patterns to the photosensitive materials, such as photoresist (PR). The

basic photolithography process is shown in Fig. 3.11.

Chemical bench Mask aligner
PR _ .
. » Sample clean [ PR coating [» Softbake [T
stripping
1 Alignment
& exposure
Hard bake [¢= Development [¢= Post-exposure | ¢
bake
Rejected
Pattern Optical bay
inspection
Approved
Pattern
transfer

FIGURE 3.11: Flow chart of photolithography process. The sample is firstly
prepared in chemical bench. A mask aligner is then used to perform alignment
and exposure steps. Followed by the pattern inspection in optical bay to ensure
the pattern meets the requirement.

Before photolithography, the substrate, or the wafer should be chemically cleaned.
Any residuals and impurities may affect the quality of photolithography. After
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FIGURE 3.12: Patterning process with positive and negative photoresists.
Based on the intrinsic chemical properties of photoresist, the exposed parts
of positive photoresist will be dissolved during developing step. On the con-
trary, the exposed parts of negative photoresist will remain and the unexposed
parts will be removed by developer solution.

cleaning, PR is applied, typically using a spin coating method, on to the substrate
and then the sample is soft baked and cooled down to room temperature. In
order to define patterns precisely, the alignment and exposure steps are performed
in a mask aligner. Typically, between the exposure and development steps, a
baking process called post-exposure bake is applied to avoid a standing wave effect
that occurs during the exposure process. The standing wave is formed by the
interference of incoming and reflected light. As a result, ridges can be found
in the sidewall of photoresist pattern, which significantly affect the quality of
the feature. The post-exposure bake is able to lead a diffusion of molecules in
photoresist to smooth the sidewall. After the exposure step, the sample should be
rinsed in a specific developer solution so that the patterns that have been defined
with PR will be revealed. If the patterns are not reproduced as expected, the PR
can be stripped and the sample needs to be chemically cleaned. Then the whole

photolithography process should be repeated until the patterns are acceptable.

In the exposure step, the PR is exposed to the ultraviolet (UV) light through a
photomask because the PR is sensitive to the UV light. The photomask includes
clear patterns and opaque patterns based on the design of devices. The UV light

is able to pass through the clear region but is blocked at the opaque regions.
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The clear and opaque regions of photomask specifically depend on the types of
PRs. In general, two main types of PRs are used in the semiconductor fabrication
processes: negative PRs and positive PRs. Patterning processes with negative PRs
and positive PRs are shown in Fig. 3.12 respectively. According to the nature of
PR components, the chemical property of PR would be changed by the UV light
during the exposure step. For negative PR, the exposed parts become insoluble
in the developer due to the photochemical reaction. The unexposed parts, on the
contrary, would be dissolved in the developer solution. For the positive PR, the
exposed parts would be softened by the photochemical reaction and hence, are

dissolved in the developer solution.
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F1GURE 3.13: Photograph of Karl Suss MA6 Mask Aligner used for operation
of alignment and exposure in the photolithography process. The exposure lamp
source is located inside the lamp housing. The alignment is performed under
the microscope while the photomask and the sample are placed to the mask
holder and the wafer chuck respectively. The wafer chuck sit on the alignment
stage so that the sample can be moved vertically and horizontally. Moreover, a
rotation adjustment is also available for the sample movement. The buttons on
the front panel are used to control the movement of microscope.

The photolithography process is achieved on a piece of equipment called mask
aligner. In this project, a Karl Suss MA6 Mask Aligner (Fig. 3.13) is used. The
mask aligner includes three main parts: lamp housing, microscope and alignment
stage. The lamp housing is an enclosure where the exposure lamp source is placed.

The microscope stage is used to visualise the alignment process. The alignment
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stage includes three components: mask holder, wafer chuck and control panel.
The photomask and the sample are put on the holder and chuck respectively; the
control panel is the terminal to control sample x-y movement and 6 adjustment.
Due to the optical design in the mask aligner, the achievable minimum feature size
is determined by the lamp wavelength and the numerical aperture of the optical

system. Therefore, the ideal resolution R could be expressed as below:

A
R=k— 3.4
N A (3.4)
where k; is a system constant and NA is the numerical aperture of the system.
As shown in the equation 3.4, resolution R could be improved by either reducing
lamp wavelength A\ or increasing the numerical aperture NA. However, this will
cause a reduction of the depth of focus DOF to the optical system. DOF is the

distance around the focus in which a good resolution R of patterns is obtained.
The DOF can be written as:

DOF = kzﬁ (3.5)
where £ is a system constant. According to the equation 3.4 and 3.5, there is a
trade-off between resolution R and the depth of focus DOF. Therefore, it would
be more challenging to achieve high-quality PR patterns with small feature size
in the photolithography process. In this project, due to the multi-wavelength of
the mercury short-arc lamp, the minimum feature size of PR patterns that can
be achieved in this mask aligner is approximately 1 to 1.5 um. In practice, this is

challenging and a limit of 2 ym is more typical.

3.2.3 Pattern transfer

In previously sections, techniques to define patterns have been introduced. For a
fabrication process, pattern transfer is the following step after pattern definition.
Etching is a widely used technique to achieve pattern transfer. Two main types

of etching process are used: dry etching and wet etching.
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FIGURE 3.14: Schematic diagram of two types of dry etching process. (a) pure
chemical reaction etching and (b) physical ion bombardment etching,.

3.2.3.1 Dry etching

Dry etching is one of the pattern transfer techniques in semiconductor fabrication
and is accomplished in a gaseous environment. There are two main types of dry
etching processes: pure chemical etching and physical ion bombardment etching.
Both etching processes are schematically shown in Fig. 3.14. In pure chemical
etching, the materials are removed solely by the chemical reaction. The volatile
byproducts would be produced during the chemical reaction between the mate-
rials and the chemical etchants.The etch rate of pure chemical etching strongly
depends on the chemical reaction of the gaseous enchants and the materials. It is
necessary to ensure that the byproducts formed from the reaction are volatile. If
the byproducts are non-volatile, they may stay on the etched surface so that the
further reaction may be influenced or even interrupted. On the contrary, there
is no chemical reaction during the physical ion bombardment etching since the
materials are removed from the sample surface by energetic ions. Therefore, the
etching rate of physical ion bombardment etching is dependent on the flux and

the ion energy.

The system used to achieve dry etch is called reactive ion etching (RIE) system.
Typically, the RIE system consists of a vacuum chamber with a sample holder
located on the bottom. Gas enchants could flow into the chamber via small inlets
on the top of the chamber, and be pumped out by the vacuum pump system

on the bottom of the chamber. When applying a strong radio frequency (RF)
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Electrode

FIGURE 3.15: (a) Schematic diagram of RIE processing chamber. The gas
enchants are introduced into the vacuum chamber via small inlets. When ap-
plying a electromagnetic field, the gas enchants will be ionized and then react
with the materials on the sample surface. (b) Plasma 80 Plus RIE tool used in
this project. The processing chamber is highlighted by red box.

electromagnetic field to the sample holder, the gaseous enchants could be ionized
to etch the sample. A schematic diagram of the process chamber in a typical RIE
system is shown in Fig. 3.15(a). The RIE system used in this project is Plasmalab
80 Plus supplied by Oxford Instruments and the system is demonstrated in Fig.
3.15(Db).

Another type of RIE system is called an inductively coupled plasma (ICP) system,
also widely used to achieve pattern transfer. In ICP systems, an extra RF magnetic
field is applied in the coil to enhance the ionization. Therefore, higher plasma
densities can be achieved in the ICP process chamber, resulting in higher etch rates
and more isotropic etch profiles. A schematic diagram of the process chamber in
a typical ICP system is shown in Fig. 3.16(a) and Fig. 3.16(b) shows the STPS
Multiplex ICP system used in this project.

3.2.3.2 Wet etching

Wet etching removes materials using chemical solutions. During wet etching, a
suitable selectivity between the mask material and the target material should be

achieved and the selectivity is mainly determined by the environment temperature
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FIGURE 3.16: (a) Schematic diagram of ICP processing chamber. The gas
enchants flow into the vacuum chamber via gas inlets on the top of the chamber.
Then the enchants are ionized under the electromagnetic field. The ionization is
also enhanced by the additional RF magnetic field so that the plasma densities
are higher than the ones in RIE tools, resulting in higher etch rates and more
anisotropic etch profiles. (b) STPS Multiplex ICP system used in this project.
The process chamber is highlighted by red box.

and the concentration of chemical solution. Moreover, the etch rate of wet etch-
ing process also strongly depends on the temperature, concentration of solution
and the crystallographic plane of materials. Besides, wet etching process nor-
mally produces an isotropic etching profile. Therefore, it is a challenge to achieve
high-quality etching profile with small feature size via wet etching process. The

processes of wet etch used in this project will be detailed in the next chapter.

3.3 Additional steps in fabrication process

In order to improve the fabrication yield and the device performance, some ad-
ditional steps are applied: one is plasma ashing for photoresist striping and the
other one is thermal annealing for creating a metal contact with low electrical

resistance.
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FIGURE 3.17: (a) Schematic diagram of the Oy plasma asher system. The
ionized gas mixture (Og and Ng) flows across the sample surface and the organic
residuals (e.g. photoresist) chemically react with the dissociated Oz. (b) Matrix
105 O2 plasma asher system used in this project.

3.3.1 Oxygen plasma asher

The O, plasma asher is used for the purpose of removing the stubborn photoresist
from the sample surface. When the photoresist served as a softmask during the
plasma etch process, it is etched simultaneously and is burned by the plasma bom-
bardment, resulting in altered chemical properties of the photoresist. This hardens
the photoresist making it diffcult to be removed by standard solvent cleaning pro-
cesses. The Oy plasma asher system generates a mixture of O, and Ny plasma in a
reaction chamber (Fig. 3.17(a)) and the mixture flows across the sample surface.
Dissociated Oy then chemically reacts with the photoresist residuals and burns
them off the sample. The Matrix 105 O2 asher used in this project is shown in
Fig. 3.17(b)

3.3.2 Thermal annealing

The thermal annealing process is one of widely used processes in semiconductor
fabrication. Thermal annealing has several purposes such as doping activation
[125], defect recovery [126] and contact formation [127]. The schematic diagram
of the processing chamber is demonstrated in Fig. 3.18(a) and the Jipelec JetFirst
RTA system used in this project to achieve thermal annealing process is shown
in Fig. 3.18(b). The heat source inside the chamber is a tungsten halogen lamp,

which provides infrared (IR) radiation to generate heat at the sample chuck. The
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FIGURE 3.18: (a) Schematic diagram of processing chamber. The sample
is heated up by a tungsten halogen lamp overhead while a infrared radiation
pyrometer is used to monitor the sample temperature. (b) Jipelec JetFirst RTA
system used in this project.

vertical-arrayed lamp units are located under the sample chuck to provide uniform
heating. In order to monitor the wafer temperature, an IR pyrometer is set to
monitor the sample. The steady peak temperature of the RTA used in this project
is 1000 °C while the maximum peak temperature is 1300 °C. Different gases such
as nitrogen (Nj), O, air and argon (Ar) can be introduced into the chamber via
gas inlet so that the sample can be annealed in different gaseous environment. In
this project, the annealing temperature for the Pd-based metal contacts to the
p-type GaN is about 300 °C.

3.4 Summary

In this chapter, semiconductor fabrication techniques have been introduced. The
initial materials used in this project are firstly described in section 3.1. Details of
fabrication techniques including deposition, pattern definition and pattern transfer
are given in the following sections (from section 3.2 to section 3.4). The devices
demonstrated in this thesis are produced by using above techniques. In the next

chapter, the designs and fabrication steps of devices will be introduced.
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electrophysiology

In previous chapters, devices to investigate information flows in neural circuits
have been reviewed (chapter 2) and typical semiconductor fabrication techniques
used to produce those devices have been introduced (chapter 3). Here, the fabri-
cation process and the performance characterization are detailed. The design of
penetrating microelectrode array is firstly introduced in section 4.1. Then the fab-
rication process and the performance characterization are demonstrated in section

4.2 and 4.3 respectively.

4.1 Design of high-density penetrating microelec-

trode array

In order to achieve neural recordings with high signal-to-noise ratio (SNR), record-
ing sites should be positioned close to the neurons (< 100 pm) [128]. Moreover,
a dense array enables neural recordings with high spatial resolution. Therefore, a
novel high-density penetrating microelectrode array is designed and fabricated in
this project to record neural signals in vivo or in vitro. The novelty of the device
lies in the fact that the electrodes are at the tips of needle-like structure (> 100
pum tall) that are closely spaced to allow spike sorting (60-pm pitch).

45
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FIGURE 4.1: Design of high-density penetrating microelectrode array. Channel
5 is unused and channel 32 and 33 are connected to the grounding electrodes.
The close-up image shows the microelectrode array.
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FIGURE 4.2: Photomask design of microelectrode array. The mask is designed
for 4-inch wafer fabrication and each wafer contains 27 devices. The array region
and tracks are highlighted by red dash boxes.

In this project, a novel high-density microelectrode array has been developed which
enables high resolution electrophysiological recordings. As shown in Fig. 4.1, the
design has 61 hexagonally close-packed recording needles and 18 ground needles
placed around the array. In the design, channel 32 and 33 are connected to the
grounding needles to achieve a local ground that will improve the background noise
while recording signals from neurons. Since the total number of recording needles
is 61, channel 5 will be left unused. The pitch of the recording array is 60 pm,

which enables high resolution recordings. Each needle is 250-um long and has a
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tapered profile (20-um diameter at the base and 10 pm at the tip) which minimizes
the invasive damage to the neural tissues. Bonding pads and the recording array
are separated, resulting in better implantation into the tissue without restriction

of external electronic circuits.

The microelectrode array is fabricated on a silicon substrate, with tungsten-based
interconnection wires and recording sites. In order to further improve the electri-
cal properties of the electrodes, platinum black is coated on the tip of each needle.
A gold layer is deposited on the bonding pad area to allow for reliable connections
to the external electronic system. As a result, photomasks are required to accom-
plish pattern processing in different layers. The photomask is designed using the
software package L-edit. As shown in Fig. 4.2, a 4-inch photomask includes 27
devices (left) and one die is highlighted by the black dash box. The array region
and the tracks are detailed in red dash boxes. Two pairs of alignment marks (in
red) are set on the four corners to achieve precise alignment between patterns on

the photomask and the sample.

4.2 Fabrication process of high-density penetrat-

ing microelectrode array

A schematic of the fabrication process is shown in Fig. 4.3. The fabrication starts
with 4-inch Si wafer, which is about 380-um thick. Deep holes with tapered profiles
are formed on the Si substrate by a deep RIE process. Thermal oxidation follows
to create a dense layer of SiO, on the surface of the substrate and down the tapered
holes. A bilayer of Ti/W is conformally deposited using a CVD process to form
recording sites, interconnection wires and bonding pads. The pads are created
with a Ti/Au layer to facilitate wire bonding. After that, the whole sample is
coated with a parylene-C film. Since parylene-C is a biocompatible and insulating
material, it acts a good protecting layer when the needle array is implanted into

the animal brain n vivo or used with cultured tissues in vitro.

All needles are revealed from the backside of sample by wet etch. Typically,
potassium hydroxide (KOH) solution is used to etch the bulk silicon substrate
to expose the needle array. The revealing process is separated into three steps:
firstly, the bulk silicon is etched by KOH wet etch to expose needle tips; secondly, a
buffered oxide etch (BOE) solution is used to thin down the thickness of SiO, layer
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FIGURE 4.3: Fabrication process flow of high-density penetrating microelec-
trode array. The fabrication started with a 4-inch silicon wafer (shown in grey).
The wafer was firstly deep etched to form needle profiles (250-um deep) and
then a thermal oxidation layer (2 pm, shown in yellow) was grown on both
sides of wafer. The metal tracks and electrodes (50 nm/400 nm titanium/tung-
sten bilayer, shown in green) was formed and titanium/gold bilayer (50 nm/300
nm, shown in red) was then deposited to form wire bonding pads. All the tracks
and electrodes were insulated by parylene-C film (5 pm, shown in blue). The
front-side fabrication was end with coating alkaline resistance film (ProTEK
B3, shown in black). The needle tips were firstly revealed by potassium hydrox-
ide aqueous solution and then the oxide layer on the tip were initially thinned
by buffered oxide etching solution. Finally, the whole needles were exposed
by potassium hydroxide aqueous solution and then the remaining oxide on the
tips were finally removed by buffered oxide etching solution to reveal the metal
contacts.

on the tips; thirdly, the silicon substrate is further etched by KOH wet etching to
reveal the whole needles. In order to protect samples during the KOH etch step,
a thin layer called ProTEK B3 is used as a protection layer. The ProTEK B3 is
supplied by Brewer Science, Inc and is an organic material with high resistance
to alkaline solution. The fabrication ends with SiO, etching, achieved by BOE

solution, to expose the conductive recording sites on the needle tips.

The fabrication process is detailed step by step in the following paragraphs. The

entire process is challenging since both the front side and the back side of sample



Chapter 4. High-density penetrating microelectrode array for electrophysiology 49

A side

B side
(1) (2)

vy Ty

3) (4)

B 2 N rayieneC [ ProTEX B3 Si0, Si Ti/'W

FIGURE 4.4: Front-side fabrication steps of the microelectrode array. The
needle structures are formed on the substrate and a SiOs layer is grown on the
surface of sample (step #1). Recording sites, tracks and bonding pads are
made of Ti/W bilayer and wire-bonding areas are made of Ti/Au (step #2).
Insulation layer (parylene-C film) is coated to the sample (step #3) and KOH
protection layer (ProTEK B3) is spin coated to the sample afterwards (step

44).

are required to be processed. Therefore, some steps have been optimized and sev-
eral extra steps have been added to ensure successful device fabrication.The entire
fabrication process of microelectrode array is divided into two parts: fabrication

on the front side and fabrication on the back side.

4.2.1 Front-side fabrication (Fig. 4.4)

Step #1 The sample is solvent cleaned with acetone, methanol and isopropyl
alcohol (IPA). In order to achieve deep silicon etch in ICP system, a 580-nm
thick aluminium (Al) layer is firstly sputter deposited onto the sample as a hard-
mask. To pattern the Al layer, Shipley S1805 positive photoresist is used in a
photolithography step and acted as a softmask in Al etch. In this project, the Al
layer is etched in ICP system by using boron chloride gas (BCl3) and chlorine gas
(Cly). The Al etching recipe is shown in Table A.1. Before Si deep etching, the

sample is solvent cleaned to remove the remaining photoresist during the Al etch.
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The Si deep etch is achieved using the Bosch process in an ICP system. This
process gives an aspect ratio of needle height : base diameter > 12 : 1. Further-
more, this process gives a tapered needle profile which will minimise the insertion
damage caused by the device.Typically, the Bosch process is designed to obtain
high aspect ratio structures with parallel sidewalls. Therefore, the parameters of

Bosch process should be optimized to achieve the tapered etch profile.

The Bosch process is named after the Germany company Robert Bosch GmbH
which patented the process. It is a cyclic process which consists of alternating
etching and deposition steps [129]. As shown in Fig. 4.5, the process starts with
an etching step. Sulfur hexafluoride (SFg) is used to etch silicon. Then it is
followed by the deposition step, which uses octafluorocyclobutane (C4Fs) to form
a Teflon-like polymer on the Si surface. The polymer does not react with SFg
so it can protect the sidewalls during the etching step. When the next etching
step begins, the polymer on the bottom of structure will be removed by physical
bombardment etching. The ions are accelerated by the electrical field so that they
are able to directionally strike the surface with near normal incidence. As a result,
the polymer on the sidewalls will not be removed and the one on the bottom
will be removed. By switching back and forth between the etching step and the

deposition step, the Si can be etched hundreds of micrometres at high aspect ratio.

After the Bosch process, a test sample was cleaved across the hole to check the
cross-section under the scanning electron microscope (SEM). When the duration
of an etching step equals the duration of a depositing step, parallel sidewalls are
created (Fig. 4.6(a) & (b)). The etch recipe is shown in Table A.2. Since the etch
rate of the Si, using this recipe, is about 27 pm/hour, a 250-um deep structure
requires approximately a 10-hour etch, which is a long etch step. Therefore, to
increase the etch rate, Ar gas is added to increase the portion of physical etch,
resulting in improving etch rate. Moreover, the etching profile is expected to be
tapered at the bottom. So the time ratio between the etch step and the deposit
step is further optimized. As shown in Fig. 4.7, the tapered profile is achieved
by setting a 1:2 time ratio between etching and deposition. Furthermore, in order
to improve the sidewall roughness we adapted a standard etch recipe (shown in
Table A.3) that alters the SFg flow rate from 150 sccm (1.5 seconds) to 300 scem
(3.5 seconds).

After the Si deep etch, the remaining Al layer is removed by hydrochloride acid
(HCI). Once the sample is solvent cleaned, a dense SiOy layer (2-um thickness) is



Chapter 4. High-density penetrating microelectrode array for electrophysiology 51

?,g?

Etch

Deposit

Mask

Etch

FIGURE 4.5: Schematic of Bosch process for Si etching. The process cycles
between etching step (SFg) and deposition step (C4Fg). The polymer produced
in deposition step can protect the sidewalls so in the etching step, the etch
direction will be more vertical. Therefore, high aspect ratio profile can be
achieved by Bosch process.

grown on the surface of sample by a wet thermal oxidation process (Fig. 4.8).

Step #2 A Ti/W bilayer (50 nm/450 nm) is deposited using a CVD process. In

particular, the chemical reaction of W deposition can be summarized below:
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FIGURE 4.6: SEM images of etching profile achieved by initial Bosch process.
(a) Bosch process applied on 10-pum hole (left) and 15-um hole (right). Scale
bar: 20 pm; (b) Bosch process applied on 20-pm holes. Scale bar: 100 pm.

FIGURE 4.7: SEM images of etching profile achieved by optimized Bosch pro-
cess. Base diameter is 20 pum (highlighted by the white dash circle) and tip
diameter is 10 pum (highlighted by the red dash circle). Scale bar: 20 pm.

After deposition, a SiOy layer (100 nm) is deposited by PECVD process and acts
as a hardmask in the Ti/W etching. The chemical reaction of SiOy deposition is

given below:

To pattern the SiO, layer, Shipley S1805 positive photoresist is used to transfer
the features from the photomask to the sample by photolithography. However, the
spinning uniformity of photoresist is significantly affected by the high aspect ratio
features on the sample. Without deep holes, spin coating of S1805 photoresist
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FIGURE 4.8: Optical microscope images of the sample after the wet thermal
oxidation process. Scale bar: 60 pm.

FIGURE 4.9: Comparison of photoresist coating on the sample without and
within the high aspect ratio needle structure. (a) Uniform photoresist coating
on the flat sample and good definition of metal electrode and inter-connection
wires. Scale bar: 100 ym. (Inset) top and bottom are the close-up images of
the array area. Scale bar: 20 pm; (b) Nonuniform photoresist coating over the
needle structures. Photoresist around the needle is thicker than in the rest of

the device. The white dash circle indicates an unetched electrode. Scale bar:
120 pm.
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FIGURE 4.10: Optical microscope images of photolithography process applied
to the nonuniform photoresist-coated samples. (a) Inter-connection wires are
exposed and developed completely while the metal electrodes are not fully re-
vealed due to the nonuniformity of the photoresist around the holes. Scale bar:
100 pm; (b) Metal electrodes are successfully exposed and developed but the
inter-connection wires are sacrificed due to over-developing. Scale bar: 100 pm.

could be uniform so that the microelectrode array and tracks could be defined
clearly (Fig. 4.9(a)). On the contrary, poor uniformity of photoresist coating oc-
curs when spin coating photoresist onto the sample with the deep hole features.
Non-uniform coating of photoresist is showed in Fig. 4.9(b). The array has been
deep etched by our optimized Bosch process except for one site labelled by the
white dash circle. When spin coating the photoresist onto the sample, the pho-
toresist accumulates at the edge of hole and partially covers the hole due to the
spin dynamics, gravity and the surface tension of photoresist. However, no pho-
toresist accumulates at the unetched site which represents a flat surface at that
region. Therefore, photoresist around the holes is thicker than in other region
of the sample surface (black rings around the holes in Fig. 4.9(b)). As a result
of the thicker photoresist, the photolithography steps become significantly more
challenging. If the photoresist is processed using our standard processes, the area
around the deep holes will not be exposed or developed properly (Fig. 4.10(a)).
However, if we modify the standard process to account for the thicker resist we will

overdevelop regions away from deep holes and loose the contrast of our structures
(Fig. 4.10(b)).

In order to avoid nonuniform spin coating, here a multi-exposure strategy is de-
veloped in this project to overcome this challenge. Since the photoresist around
the holes is thicker than the one in other parts of the sample, longer exposure

times are required to completely expose the thicker part of photoresist. Moreover,
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FIGURE 4.11: (a) Photomask for multi-exposure step. Scale bar: 100 pm; (b)
Optical microscope image of photolithography after multi-exposure step. Scale
bar: 100 pm.

during the longer-time exposure, thinner tracks around the electrode area are over
exposed and will disappear in the developing step. Therefore, a new photomask
with wider tracks was designed for this multi-exposure step (Fig. 4.11(a)) and a
better photolithography result is shown in Fig. 4.11(b).

The SiOq layer is then etched by Ar and CHF3 in an RIE tool, while photoresist
serves as a softmask. The etching recipes are shown in Table A.4 and A.5. After
etching, the sample is solvent cleaned to remove the photoresist. Then the Ti/W
bilayer is etched in a RIE tool by SFg. The etching recipe is shown in Table A.6.
The remaining SiO, is removed by BOE solution (as shown in Fig. 4.12(a) and
(b)). The BOE solution used in this project is a mixture solution which normally
includes a 7:1 volume ratio of 40% NH,F in water to 49% HF in water. As a
consequence, the etch rate of SiOs in BOE solution is about 100 nm/min. The

chemical reaction is expressed below:

SiOy + 6HF — HySiFg + 2Hy0 (4.4)

In order to achieve a good quality of wire bonding, a Ti/Au (50 nm/300 nm) bilayer
is required on the top of the bonding pads. In order to avoid plasma damage on the
Ti/W layer, a lift-off process is used to define features on the Ti/Au layer. Firstly,
patterns are transfered from the photomask by using MEGAPOSIT SPR220-4.5
photoresist. Then the Ti/Au bilayer is sputter deposited onto the sample. Finally,
the sample is soaked in the Microposit”™ remover 1165 which is heated up to 80
°C in the water bath to dissolve the remaining photoresist. As a result, the metal

layer deposited on the top of the photoresist is ‘lift’ off from the sample surface,
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FIGURE 4.12: Optical microscope images of the sample after metalization. (a)
Recording sites formed by Ti/W bilayer. Scale bar: 60 ym. (b) Interconnection
tracks. Scale bar: 100 um. (c¢) Bonding pads for connecting external electronic
system. Scale bar: 500 pm.

whereas the one without photoresist underneath is left on the sample surface. The

optical microscope images of metal bonding pads are shown in Fig. 4.12(c).

Step #3 A thick parylene-C film (5 pm) is coated to the sample to insulate
the neighbouring interconnection wires. In this project, the parylene-C film is
deposited using a dedicated parylene coater. To pattern the parylene-C film, a
MEGAPOSIT SPR220-7.0 photoresist is used due to the low selectivity between
parylene-C and photoresist under O plasma etching (about 1:1). The parylene-C
film is etched in RIE tool by O and the etching recipe is shown in Table A.7.

Step #4 In order to protect the features on the front side of the sample during
the KOH etch, a ProTEK B3 film is spin coated onto the sample as a protection

layer.

4.2.2 Back-side fabrication (Fig. 4.13)

Step #5 30 wt% KOH solution is used to etch bulk Si so that the needle tips
could be exposed. The temperature of solution is kept at 80 °C to achieve the
etch rate of approximately 2 pum/min. The chemical reaction between KOH and

Si is shown below:

Si+20H™ + 2H,0 — SiOy(OH)3™ + 2H, (4.5)
However, the edge interface of ProTEK B3 and the sample is etched by KOH

solution even though ProTEK B3 fully covers the sample surface. As a result, the

ProTEK B3 film starts to peel off from the sample surface and features underneath
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FiGure 4.13: Back side fabrication steps of the microelectrode array. The
needle tips are firstly revealed (step #5). Entire needles are then revealed
(step #6). The last step (step #T7).

are damaged by KOH solution (Fig. 4.14(a)). After several tests, it was found
that features could be protected in a 70-minute etching step (Fig. 4.14(b)). The
uniformity of ProTEK B3 film becomes poorer after 70 minutes. Therefore, the
KOH etch was separated into several 70-minute etch steps. After each step, the
ProTEK B3 film is fully removed from the sample and a fresh one is spin coated.
Furthermore, an etching setup is designed to provide a simple control on the KOH
etch (Fig. 4.15). The sample is fixed onto a platform which could freely move in
vertical direction. Therefore, the KOH solution only etches the Si at the array

region. The needle tips are exposed as shown in Fig. 4.16.

Step #6 After this partial KOH etching, where the needle tips are revealed to a
depth of about 20 um, the oxide that coats the tip of the needles is thinned down
to 1um by BOE solution (shown in Fig. 4.17). Again, only the array region is

immersed into the BOE solution.

Step #7 120-min KOH etch is performed to further etch down the Si substrate
so that the array could be revealed to the designed height. After solvent clean,
the sample is immersed into the BOE solution to remove the remaining SiO, layer

on the tips of needles. The needles are shown in Fig. 4.18.
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FIGURE 4.14: Post-etch images of front side surface. (a) Test sample after a
long KOH etch. The ProTEK B3 film starts to peel off from the edge of sample
and metal electrodes and tracks are partially etched away by KOH solution.
Scale bar: 200 pum; (b) Metal electrodes and tracks are well-protected after
70-minute etch. Scale bar: 200 pm.
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FIGURE 4.15: Schematic diagram of Si wet etching setup. Only the array
region is dipped into the KOH solution.

4.3 Characterization of high-density penetrating

microelectrode array

In the previous subsections, the fabrication steps for a penetrating microelectrode
array were outlined. In this subsection, the performance of penetrating micro-
electrode array is characterized. The microelectrode array includes 61 recording
elements and 18 grounding elements. All the recording channels are electrically
isolated and the inter-channel capacitance were measured to be at the picofarad-
level to avoid electric cross-talk. Furthermore, recording sites with low electrical
impedance are achieved to record extracellular signals (typically between 50 pV
and 500 pV) [130, 131].
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FIGURE 4.16: SEM image of the needle tips. Scale bar: 200 pm. (Inset)
close-up image of a single needle tip. Scale bar: 10 pm.

Thinned
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FIGURE 4.17: SEM image of the microneedles with thinned sidewalls. Scale
bar: 20 pym.

FIGURE 4.18: SEM image of the penetrating microelectrode array. Scale bar:
200 pm. The needles are highlighted in the red dash box. Scale bar: 50 pm.
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Channel pairs

FIGURE 4.19: Resistance between adjacent channels. 9 pairs of channels are
electrical shorted (inter channel resistances are about 1 kf2).

4.3.1 Measurement of inter-channel resistance and capac-

itance

According to the design of penetrating microelectrode array, the interconnecting
tracks are made of titanium and tungsten and are isolated by silicon dioxide.
As shown in Fig. 4.1, the long parallel metal tracks connect to the electrodes
and bonding pads. To evaluate the fabrication yield of microelectrode array, the
inter-channel resistance and capacitance are measured respectively. The check is
processed between adjacent channels: channel #1 and #2, channel #2 and #3,
etc. As shown in Fig. 4.19, inter-channel resistances in 9 pairs of channels are
about 1 k2 and rest of them are about 107 k2, which is not the real resistance
but the limitation of the instrument. Therefore, 9 pairs of channels are electrically
shorted and the short circuits are caused by the etch defects introduced in deep
reactive ion etch. In other word, over 80 % fabrication yield is achieved, i.e. 48

working electrodes from 61.

On the other hand, the recording channels are made of Ti/W bilayer. Therefore,

long, parallel adjacent recording channels could form a parallel plate capacitor.
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As a result, any alternating current (AC) signals in one channel could induce a
voltage in the neighbouring channel, known as capacitive cross-talk. Since this
cross-talk between channels occurs before the pre-amplification stage, even small
voltages may induce noticeable signals in adjacent channels. In order to prevent
this, the inter-channel capacitance should be at a low level. Since the impedance
(Z) of a capacitor is relevant to its capacitance (C') and the signal frequency (f)

(shown in formula 4.6),

7 =—

JwC'

B 1
-2 fC

the impedance increases when the capacitance decreases. At a given frequency of
1 kHz, if the capacitance C is 1 pF, the impedance Z will be about 200 €2. If the
capacitance is 1 pF, the impedance will be about 200 M(2. Since the impedance of
electrode is designed to be at kiloohm-level, the capacitance therefore should be at
picofarad-level to ensure a capacitor with greater impedance so that the capacitive
cross-talk could be prevented. In this project, the inter-channel resistance and
the inter-channel capacitance are measured with an LCR meter (LCR-821, ISO-
TECH). As shown in Fig. 4.20, the averaged inter-channel capacitance among all

the working electrodes is about 3.11 pF.

4.3.2 Measurement of microelectrode impedance

The electrode-electrolyte impedance is another important factor of microelectrode
array performance in electrophysiological recordings. Typically, the amplitude of
extracellular neural signals about hundreds of microvolts. Since action potentials
have a duration of about 1 ms, an electrode should have a low impedance interface
at 1 kHz frequency [1, 51].

The main charge transfer mechanism between the neurons and the electrode is
through capacitive mechanism. Therefore the surface area of the electrode plays
a significant role. The larger area the electrode is, the lower the impedance [132—-
134]. Due to the small dimensions of the electrodes, the impedance is typically

expected to be megaohms or less at 1 kHz [135-137]. In this project, the recording
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FIGURE 4.20: Capacitance between adjacent channels. 9 pairs of shorted
channels have high inter-channel capacitance (more than 100 pF). The inter-
channel capacitance between working channels are about 3 pF.

sites are needle shaped, which can be simplified as circular truncated cones (ctc)
(shown in Fig. 4.21). According to the design and the fabrication, the diameter
of the needle tip is about 15 pum and the height of the exposed tip is about 70
pm. Based on the geometry, the lateral surface area of a cone A.pne_jaterar can be

written as:

Acone—lateral =7-R- \% H2 + R2 (47)

where R is the radius of base and H is the height of the cone. The lateral area of

the circular truncated cone could be expressed as:

Actc—lateral = Aconel—lateral - AconeQ—lateral

— RV R = Ry (H — )+ Ry

(4.8)
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FIGURE 4.21: Simplification of single needle tip.

where H is the height of the cone, h represents the height of the circular truncated
cone, Ry and R, are the radii of base and top surface respectively. Therefore, the
total surface area of the exposed needle tip in this project includes the lateral
area and the top surface area, which is about 5,600 ym? in total. This is much
larger than one of the more standard planar microelectrode arrays. Therefore,
the impedance of the penetrating microelectrodes is expected to be lower than
that of the planar microelectrodes [138]. Typically, a 5-um diameter electrode
has an impedance of about 6 M) at 1 kHz without coating any materials. After
electroplating optimised materials, the impedance at 1 kHz can be reduced to
about 300 k2 [59, 139].

To measure the impedance of the penetrating microelectrodes, the needles were
dipped into the electrolyte and a simplified equivalent circuit of the electrode-
electrolyte interface is shown in Fig. 4.22, which comprises the interfacial capac-
itance (C;), the charge transfer resistance (R;) and the solution resistance (R;)
[140].

Interfacial capacitance C;

When an electrode is immersed in an electrolyte, charge transfer immediately
occurs at the interface between the metal and the electrolyte. According to the

model of Gouy-Chapman-Stern [141], the interfacial capacitance (C;) is a series
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FIGURE 4.22: Simplified circuit model for the needle-electrolyte interface in-
cluding the interfacial capacitance (C;), the charge transfer resistance (R;) and
the solution resistance (Rs).

combination of the double-layer capacitance Cy and the diffuse layer capacitance

Cq. This capacitance can be expressed as the following formula:

1 1 1 d L
T 2 (4.9)
Ci Cun Cg €o€r  €g€r cosh(377)

where dogp is the thickness of the double layer. ¢, is the permittivity of free
space and €, is the permittivity of the double layer. The double layer exists at the
interface of electrolyte and electrode, which formed by two opposite ions. z is the
charge on the ion in the electrolyte, ¢gis the potential at the electrode and U, is
the thermal voltage. Lp is called Debye length, which characterizes the potential
decay in distance. The Debye length can be written as a function of potential to

the thickness of diffuse layer:

€€ Uy

Lp= (4.10)

2n022q
where n° is the bulk number concentration of ions in the electrolyte and ¢ is the
charge on an electron.

Charge transfer resistance R;

The charge transfer resistance (R;) is formed at the interface of the electrode and
the electrolyte due to the oxidation and reduction reactions. The resistance is

determined by the exchange current density (Jy) which is generated by the charge
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transfer during the oxidation and reduction reactions. The exchange current den-
sity is relevant to the material properties of the electrode and the compositions in
the electrolyte. According to previous studies, the values of the exchange current
density of different materials are shown in the Table 4.1 [3]. Even though the val-
ues of exchange current densities here are given in the sulfuric acid, they provide

good references to start for investigating the values in physiological solutions.

TABLE 4.1: The exchange current densities (Jp) for different materials in 1
mol/kg HaSOy4 after [3].

Exchange current density

Material -log1o (A /cm?)
Pd 3.0
Pt 3.1
Rh 3.6
Ir 3.7
Ni 5.2
Au 5.4
W 5.9
Nb 6.8
Ti 8.2
Cd 10.8
Mn 10.9
Pb 12.0
Hg 12.3

Solution resistance R,

The solution resistance (R;) is the resistance of the electrolyte between the record-

ing electrode and the grounding electrode. It can be calculated from:

L
A
where p is the resistivity of the electrolyte, L is the distance between the working

electrode and the grounding electrode and A is the cross-sectional area of the

electrolyte.
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Therefore, the impedance of each component can contribute to the total impedance
during the impedance measurement. The impedance of interfacial capacitance can

be written as:

1
Zo. =
Gi ij'Z
B 1

(4.12)

and f is the ordinary frequency (Hz). According to the circuit model, the interfa-
cial capacitance and the charge transfer resistance are in parallel. Therefore, the

total impedance of the simplified circuit Z;.,; could be calculated as:

1
Liotal = Ls + T 1
“ ?ﬁ (4.13)

=R+ +————
R%%-]QWfC’i

where Z; is the impedance of the solution resistance and Z; is the impedance of the
charge transfer resistance. When a direct current (DC) is applied to the electrode,

the total impedance could be considered as:

1
Ztotzzl—DC = lim (Rs + ¥
f=0 R% + j2nfC;

) =R+ Ry (4.14)
And when an alternating current (AC) is applied and the frequency f approaches

infinity, the total impedance could be calculated as:

1

) = R 4.15
R%+j27rf6’i) ( )

ZtotalfAC = lim (Rs +
f—o0

Therefore, the characteristic of impedance-frequency is expected to have a non-

linear relationship. In this project, the impedance measurement is performed to
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FIGURE 4.23: Impedance as a function of frequency. The 61 penetrating
microelectrode array experimental data as shown in black dots and the averaged
data are shown by the red dash line.

characterize the electrical response of the penetrating microelectrode array. As
shown in Fig. 4.23, impedance from the working electrodes with frequencies from
0.012 kHz to 100 kHz are presented as the black dots and the red dash line indicates

the averaged impedance.

However, the impedance of electrode at 1 kHz is about 3000 k2 (shown in Fig.
4.23). This high electrode impedance may reduce the amplitude of the neural
signal and/or introduce additional background noise [142-152]. For the purpose
of well-performed neural recordings, the impedance of electrode at 1 kHz should
be about 500 k2 [153, 154]. Therefore, to further reduce the impedance without
changing the physical extent (e.g. tip diameter), electroplating is chosen to deposit
a thin conductive film onto the electrode. The resulting rough coating increases the
surface area of the electrode and so reduces the impedance. Recently, platinum-
coated electrodes are widely used in biological experiments due to two properties
[139]. First of all, platinum does not react with the biological tissues due to its

noble property. Secondly, the electroplated platinum is able to form a granular
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FIGURE 4.24: Schematic of electroplating setup. The needle is connected
to the cathode of the DC power supply and the platinum counter electrode
is connected to the anode of the power supply. When the current flows in
the circuit, an electric field is built to separate the platinum ions (towards the
microelectrodes) and chloride ions (towards the platinum counter electrode).

structure on the electrode, which allows an increase in the surface area of the
electrode and reduces the impedance at the electrode-tissue interface. Therefore
the electrodes in this project are coated by this type of the electroplated platinum
which is known as platinum black [155-158].

As mentioned in previous chapter, the setup of electroplating includes a DC power
supply, a platinum wire and an electrolyte. Specifically, the setup of electroplating
in this project is shown in Fig. 4.24. Needle tips are dipped into the chloroplatinic
acid which consists of 1 % platinic chloride, 0.08 % lead acetate and 98.92 %
DI (de-ionized) water, and a platinum wire (connected to the anode) acts as a
counter electrode. The microelectrode needle is connected to the cathode of the
power supply. When a current flows in the circuit, an electric field is built between
the anode and the cathode, resulting in movement of platinum ions towards the
microelectrode and chloride ions towards the counter electrode. The magnitude
of the current flow dictates the surface roughness. Here, a current density of 4

nA /um? was utilized to form the platinum black on the top of the needle.

After electroplating, the impedance is measured and demonstrated in Fig. 4.25
and an impedance comparison between unplatinized and platinized microelectrode
is shown in Fig. 4.26(a). The impedance of the microelectrodes was dramatically
reduced. Specifically, the impedance of microelectrodes at 1 kHz is about 450
kQ (shown in Fig. 4.26(b)), reduced from 3 Mf). As a result, the penetrating

microelectrode array was ready for the neural recording in vivo or in vitro.
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FIGURE 4.25: Impedance as a function of frequency after platinization. The

61 penetrating microelectrode array experimental data as shown in black dots
and the averaged data are shown by the red dash line.
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FIGURE 4.26: (a) Impedance comparison between unplatinized and platinized

microelectrode array. The black solid line represents the impedance of microelec-
trode before plaitnization and the red solid line represents the impedance after
platinization. The black dash line highlights the impedance of microelectrode
at 1 kHz. (b) The impedance comparison between unplatinized and platinized
microelectrode at 1 kHz. The red bar demonstrates the impedance measured
before platinization (about 3 M(2) and the blue bar shows the impedance after
platinization (about 450 k§2).
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4.4 Summary

In this chapter, the fabrication and characterization of the penetrating micro-
electrode array is described. Section 4.1 described the design of the penetrating
microelectrode array. Then in section 4.2, the fabrication process of the penetrat-
ing microelectrode array is explained. In order to improve the fabrication yield of
penetrating microelectrode array, some steps such as photolithography and KOH
wet etch were optimized to achieve clear pattern transfer and needle exposure with
well-protected metal layers. The performance characterization detailed in section
4.3. Compared to the previous studies [59, 139], the electrical performance proves
that the penetrating microelectrode array presented here is ready for the neural
recording (450 k(2 electrode impedance and 3 pF inter-channel capacitance). How-
ever, etch defects were introduced during Si deep reactive ion etch and caused the
short circuits between channels. Therefore, as a future plan, the Si deep reactive

ion etch will need to be further optimized to improve the etch quality.



Chapter 5

uLED coupled glass optrode array

for optogenetics

The work presented in this chapter is to produce a uLLED coupled glass optrode
array for optogenetics. The design of the uLLED array is shown in section 5.1 and
the fabrication process is detailed in section 5.2. Before coupling, the electrical
and optical performances of the uLED array are described in section 5.3 and the
device with a good performance is ready for coupling. The uLED array was then
glued to the back plane of Utah glass needle array using an optical glue, which
is detailed in section 5.4. The integrated device is then called the optrode array
and the optical and thermal performances are demonstrated in section 5.5. The
performance of this neural interface device is explored by studying the distribution
of light from the tip of a needle and the temperature profile during operation. It
can be estimated that a single puLED-coupled needle can activate around 5500
neurons, if the neuronal density is estimated around 105 neurons/mm?3[159, 160].
At all times, the resultant average temperature change is less than 1 °C, which is

below expected damage thresholds for neurons in the brain [161, 162].

5.1 Design of utLED coupled glass optrode array

As described in previous chapters, optogenetics is another efficient strategy to
study information flows in neural circuits by optical stimulation of neurons. In
order to deliver light into deep brain regions, the optical guide is required to be

long and narrow so that the implantation damage is minimized. Furthermore, the

71
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|

FIGURE 5.1: SEM image of the Utah glass needle array. The array includes
100 needles (10 x 10 array) with 400-um pitch. Each needle is 1.5 mm long.
Scale bar: 500 pm.

light source should be able to provide a light that can be efficiently coupled giving

an optical power at the emission point that meets the requirement for optogenetics.

According to the work of Korbinian Brodmann in 1909 [163], the human cerebral
cortex is divided into six main layers with an averaged thickness of approximately
2.5 mm (shown in Fig. 5.2) [164-166]. Therefore, the Utah glass needle array
utilized in this project is designed to have 100 glass needles with 1.5-mm length
and 400-pum pitch (Fig. 5.1) [42, 43], for the purpose of contacting neurons in the
layer V and VI of cerebral cortex. When the pLED array is coupled to the Utah
glass needle array, the integrated device can provide 181 individually addressable
illumination sites (81 for surface illumination and 100 for deep cortex illumination).
This ability to produce spatio-temporal patterns of light at two layers within the
cortex, promises to help studies aimed at linking the neural activity of small groups

of neurons to specific cognitive functions.

In the Utah glass needle array, 100 needles are arranged in 10 x 10 matrix at
400-pm pitch. As a result, the uLED array is designed to include 100 elements
that project light into each needle. A secondary pattern of 9 x 9 allows the 81
interstitial sties to facilitate light activation of superficial cortical layers. As shown
in Fig. 5.3, the array is designed as a chess-board pattern with two arrays (10
x 10 array and 9 x 9 array) arranging along the diagonal line. Each element

has dimensions of 80 um x 80 pm with 200-um centre-to-centre distance between
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FIGURE 5.2: The cerebral cortex includes six layers and different stains demon-
strate different appearance of the cortex. The Golgi stain reveals neuronal cell
bodies and dendritic trees. The Nissl method shows cell bodies and proximal
dendrites. The Weigert stain is used to reveal the patterns of axonal distribu-
tion. After [1, 167].

adjacent elements. Therefore, once the yLED array is integrated with the Utah
glass needle array, the 10 x 10 array is aligned to the needles which allows light
to be delivered into the deep brain region. The 9 x 9 array, on the other hand, is
aligned to the gaps between needles to enable interstitial stimulation at the surface

region of brain.

According to the structure of the yLED, the uLED element requires two connec-
tions: n-type connection (anode) and p-type connection (cathode). Therefore, 362
connections are needed to control 181 elements, resulting in a complicated design
for the external driving system. In order to reduce the driving channels, a matrix
addressing scheme is introduced to the design. Here the pLED array elements in
the same row have a common n-type contact and the ones in the same column have

a common p-type contact. Therefore, only m + n control channels are required to
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FIGURE 5.3: Design of uLED array. The array in blue are aligned to the glass
needle array and the one in red are coupled to the gaps of glass needles.

drive m X n array. As a consequence, 38 connections (19 n-type connections and

19 p-type connections) are involved in connecting the pLED array.

The matrix-addressing scheme enables not only individual controls across the ar-
ray, but also multiple lighting up of pixels across the array. As shown in Fig.
5.4(a), elements in the same row or column can be lit up simultaneously. More-
over, elements in n X n matrix could also be lit up by connecting n anodes and
n cathodes (Fig. 5.4(b)). However, diagonal illumination patterns and simultane-

ously displayed horizontal and vertical lines are not possible.

According to the design, a set of photomasks for the pLED array are made for the

following fabrication. An overview of the photomask is shown in Fig. 5.5.
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FIGURE 5.4: Schematic of matrix addressable scheme. (a) Lighting-up ele-
ments in a row or a column. (b) Lighting-up elements in a 2 x 2 or 3 x 3
array.

FIGURE 5.5: Photomask design of uLED array. The mask is designed for 15
mm X 15 mm chip which contains 4 devices. The single die is highlighted by
the green dash box.
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FIGURE 5.6: Fabrication process flow of uLED array. The elements are isolated
by GaN etch with a Pd layer on the top (step #1). Mesa structures are formed
by further GaN etch down to the sapphire substrate (step #2). N-type tracks
are made of a Ti/Au bilayer (step #3). Passivation layer is formed by SiO,
and vias are opened through the SiOs layer for the purpose of metal contacts
(step #4). P-type tracks are made of a Ti/Au bilayer (step #¥5)

5.2 Fabrication process of yLED array

According to the design shown in Fig. 5.5, the fabrication process flow is mapped
out and shown in Fig. 5.6. The fabrication starts with 15 mm x 15 mm GaN-on-
Sapphire chip. The p-type contact for each element is firstly created by palladium
(Pd) deposition on p-type GaN layer. Then the n-type and p-type GaN layers
are etched to create individual element and mesa structure respectively. The n-
type tracks and p-type tracks are formed by Ti/Au bilayers and a SiO, layer is
deposited between them as a passivation layer. The chip is then thinned from the
sapphire side and then diced into individual devices. The details of fabrication

steps are covered below.

Step #1 The sample is firstly solvent cleaned and then acid cleaned (HCI) to
remove the native oxide layer on the GaN. Then a 100-nm thick Pd layer is de-
posited by electron-beam evaporation process. After Pd deposition, a SiOy layer
is deposited in PECVD tool as a hardmask for Pd etching. Shipley S1805 posi-
tive photoresist is used to pattern the SiOs layer. Both SiOy and Pd etching are
performed in RIE tool and the recipe of Pd etching is shown in Table A.8. Here,
the Pd was etched as opposed to a lift-off process, as it can be processed in the
same step as the p-type GaN etch. This simplifies the processing.After Pd etching,
the sample is directly loaded into the ICP system to form the uLED elements by
etching the p-type GaN layer (Fig. 5.7(a)). The etching recipe is shown in Table
A.9.

Step #2 After a solvent clean, the sample is loaded into RIE tool to remove the
remaining SiOy layer (hardmask in step #1) by a dry etching process. A SiO,
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FIGURE 5.7: uLED array fabrication images. (a) Element definition on p-type
GaN layer (Step #1). Scale bar: 100 um. (b) Mesa structures on n-type GaN
layer (Step #2). Scale bar: 100 um. (c¢) N-type tracks made of Ti/Au bilayer
(Step #3). Scale bar: 100 pm. (d) Vias formation on SiOy layer (Step #4).
Scale bar: 100 ym. (e) P-type tracks made of Ti/Au bilayer (Step #5). Scale
bar: 100 pm. (f) Completed device with one lighting element. Scale bar: 400

pm.

layer is deposited onto the sample by PECVD process. Shipley S1805 positive
photoresist is spin coated onto the sample as a softmask in the following SiO,
etch. The n-type GaN etching is performed in ICP system with the same etching
recipe used in step #1 (Fig. 5.7(b)).

Step #3 After n-type GaN etch, the sample is solvent cleaned to remove pho-
toresist residuals. Then the remaining SiO, is removed by RIE process. In order
to create a metal contact to p-type GaN with a low electrical resistance, annealing
is then applied in the RTA equipment. After annealing, SPR220-4.5 photoresist is
firstly spin coated onto the sample and patterned by photolithography proesses.
Then a Ti/Au bilayer (100 nm/300 nm) is sputter deposited onto the sample. The
lift-off process is performed by soaking the sample into the Microposit?™
1165 solvent, which is heated up to 80 °C in water bath (Fig. 5.7(c)).

remover

Step #4 After lift-off process, the sample is cleaned by Oy plasma in a matrix
plasma asher system to completely remove the photoresist residuals in order to

avoid weak points in the SiOs layer, which is deposited onto the sample by PECVD
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FIGURE 5.8: SEM cross-section image of yLED array. The cross-section is
created along the p-type contact. Scale bar: 10 pum; Inset: The close-up image
of cross-section. The weak point of SiO9 layer is highlighted by red dash box.
Scale bar: 2 pym.

process. Initially, the sample is cleaned by a standard solvent clean process (ace-
tone, methanol and IPA) and break points are found in the SiO, layer (as shown
in Fig. 5.8). These weak points create short circuits between n-type tracks and

p-type tracks. This means that the neighbouring LED element cannot be lit up.

As mentioned in chapter 3, a plasma asher is able to provide higher energy to the
chemical reaction of photoresist stripping due to the plasma acceleration (about
600 W RF power) and sample heating (150 °C). This O, plasma asher is a better
way to remove the photoresist residuals (Fig. 5.7(d)) that cause the shorting of

channels.

After deposition, vias are created through the SiO, layer on the top of each element
via RIE process, while Shipley S1818 positive photoresist is used to mask the SiOq
layer. After dry etching, the sample is again cleaned by Oy plasma in matrix

plasma asher system (Fig. 5.7(d)).

Step #5 The p-types tracks are created by the lift-off process. Same as step #3,
thick SPR220-4.5 photoresist (4.5 pym) is used to form the lift-off layer and the
Ti/Au bilayer (50 nm/300 nm) is then sputter deposited on the sample. The lift-off

process is accomplished by soaking the sample in the Microposit” remover 1165
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solvent, which is heated up to 80 °C in water bath (Fig. 5.7(e)). The completed

device with one lighting element is shown in Fig. 5.7(f).

5.3 Characterization of yLED array

The pLED array is characterized after the fabrication including the fabrication
yield and the electrical and optical performance. It is necessary to ensure the

device is working properly before integrating with the Utah glass needle array.

5.3.1 Fabrication yield of yLED array
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FIGURE 5.9: Home-built setup to check the fabrication yield of uLED array.
(a) Setup for I-V measurement of the uLED array. The uLED array is put onto
the sample holder while the detector of optical power meter is placed underneath
to measure the output power. A customized probe card is fixed onto an X-Y-Z
stage to position the probe pins to the uLED array. (b) Image of the customized
probe card with 38 pins: 19 cathodes and 19 anodes. Scale bar: 2 cm. (inset)
close-up image of the 38 pins. Scale bar: 2 mm.

This device is designed for studies of neural activity in non-human primates. As
such, the fabrication steps outlined in previous section are used to produce reliable,
high yield devices. In order to ensure the high fabrication yield, each individual
pLED array needs to be fully characterized. To calculate the fabrication yield, a
home-built system is used to check the status of 181 LED elements across the entire
array (Fig. 5.9(a)). A customized probe card with 38 pins (19 pins as cathodes
and 19 pins as anodes) was designed, which has the same dimensions as pLLED

array (Fig. 5.9(b)). Therefore, 38 pins could be simply aligned to the 38 channels



Chapter 5.uLED coupled glass optrode array for optogenetics 80

P

N 1 23 45 6 7 8 910 111213 141516 17 18 19

-----
2. F s s " 2 a»
,,,,,,,,,

......
4 ==

03 N AW N~

rre ¥y

"""""""

--------

""""""
-------

RS e Ss sTs T

SPERS * s = S5ib
........

19 400 pm

FIGURE 5.10: Colour map of one uLLED array created after I-V measurement.
Left: Colour map of uLED array to show the working status of each element.
The green represents the working LED element. The blue represents the short
LED element. The black represents the gap between LED elements. Top right:
Back view of a working element highlighted by a red dash box. Scale bar: 400
pm. Bottom right: A short-circuited element highlighted by a blue dash box.
Scale bar: 400 pm.

of the uLED array and operate each element at an acceptable current level. In
order to achieve an automatic operation, a LabVIEW program is set to control
the current source (GS610, Yokogawa), the optical power meter, the multiplexer
and the X-Y-Z stage. The program forms a colour map to demonstrate the status
of each element with different colours. The map has three level - green, blue and
red. The green represents an element with the current-voltage (I-V) characteristic
that has an expected exponential forward bias relationship. The blue indicates
that the element has a linear I-V characteristic and the red represents the element
with an open circuit. Fig. 5.10 shows one test example of one uLED array with

two failed elements. In this project, the fabrication yield is achieved over 95 %.
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FIGURE 5.11: I-V (red line) and L-I (blue line) characteristics measurement
from single element.

5.3.2 Electrical and optical performance of tLED array

Before coupling, the electrical and optical performances of the uLED array are
detailed respectively in this section. The I-V and the output optical power-current
(L-I) characteristics of a single element is shown in Fig. 5.11. According to the
optical model mentioned by McAlinden et, al. [168], the optical power received by
the detector is about 11.5 % of the total optical output power [168]. Therefore,
the optical output power is approximately 80 mW when the element is driven at
100 mA. Similar results have been achieved in previous studies [169, 170]. As a
result, the electrical to optical power conversion efficiency of the device is about 16
%, which matches the typical efficiency of pLED with 450-nm wavelength [171].

As a light source for optogenetics, the uLED array enables the optical stimulation
of neurons, not only from a single region, but also from multiple regions. Therefore,
it is highly desirable that the uLED array has a uniform electrical and optical
performance. In order to demonstrate the uniformity across the entire array, 5
LED elements in a diagonal are randomly selected and operated at the same

voltage level (10 V). According to the equivalent circuit model (Fig. 5.12), n-type
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FIGURE 5.12: Equivalent circuit model for single LED element. Ryqcr is the
resistance of metal tracks in ohm and Rrqie is the parallel resistance in ohm.

uLED element

rack

and p-type contacts and metal tracks are considered as a series resistance Rgepies-
From number 1 to number 19, the metal tracks become longer and longer (as shown
in Figure 5.13) resulting in higher and higher series resistance. As mentioned in
chapter 4, the length of gold tracks to the first element is 800 pum, the thickness
of gold layer is 600 nm and the width of gold track is 170 ym. According to the
previous studies, the resistivity of gold at room temperature is 2.44 x 10 8 Q - m
[172]. Therefore, the resistance of gold track to the first LED element is about 0.19
2 and the one of 19th element is about 1.9 €. If the LED element is driven by the
voltage source (10V), the current flowing through the LED element will decrease
due to the increase of the series resistance and then will lead to a reduction on the
optical out power (Fig. 5.14). On the contrary, current driving strategy (20 mA)
is able to keep a stable optical output from each LED element in the array (Fig.
5.15).
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FIGURE 5.13: The blue squares represent LED elements aligned to the needles
and the red squares indicate the interstitial LED elements. According to the
design, the length of metal track becomes longer and longer from the first LED
element to the 19th LED element.
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FIGURE 5.14: Uniformity of the electrical and optical performance across the
array. b elements (#1, #3, #7, #13 and #19) are operated at 10 V. Longer
metal tracks are, lower current is achieved through the element (black bars),
resulting in a reduction of optical power across the array (red bars).
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FIGURE 5.15: Uniformity of the electrical and optical performance across the
array. 5 elements (#1, #3, #7, #13 and #19) are operated at 20mA. Longer
metal tracks are, higher voltage is achieved through the element (black bars).
The optical power across the array is steady due to the constant current input
(red bars).

5.4 Integration of the uyLED array and the Utah

glass needle array

To accomplish the integration of the pLED array with the Utah glass needle array,
an aligning setup was built and is shown in Fig. 5.16(a). The pLED array and
the Utah glass needle array were placed on holder A and holder B respectively.
Holder A is free to move using an X-Y-Z stage while holder B is fixed. To tightly
couple the pLED array and the Utah glass needle array, a glue with high optical
transmission to blue light is required. Furthermore, the glue should have a rela-
tively low viscosity to form a thin uniform adhesion layer between the uLED array
and the Utah glass needle array. According to the data sheet, Norland Optical
Adhesive (NOA) 61 has a transmission of blue light (450 nm) of over 95 % and a

viscosity of about 300 cps, making it ideal for utilizing in this project.

Once the pLED array is fixed onto holder A by vacuum with the sapphire substrate
facing up, a 1 ml bead of NOA 61 was dispensed in the centre of sapphire substrate
by syringe to avoid bubble generation. The Utah glass needle array was then put
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FIGURE 5.16: Integration of the uLED array with the Utah glass needle array.
(a) A home-built aligning setup for the integration process. The uLED array
and the Utah glass needle array are fixed onto the holder A and B respectively.

(b) An overview of uLED coupled glass optrode array with all pixels lighting
up to show a good result of integration. Scale bar: 5 mm.
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on holder B with tips vertical. During the aligning process, holder A could be
brought close to holder B so that the yLED array and the Utah glass needle array
could be imaged together and positioned using the X-Y-Z stage. Once the two
arrays were precisely aligned, holder A was further lifted towards holder B so that
the arrays were fully in contact. An ultraviolet (UV) lamp is then used to fully
cure the NOA 61 to obtain full adhesion. The integration result is shown in Fig.
5.16(b) with all uLED pixels lit up.

5.5 Characterization of yLED coupled glass op-

trode array

The pLED coupled glass optrode array is characterized to demonstrate both op-
tical performance and thermal performance, which are two main properties for
optogenetics. The optrode array is expected to provide sufficient light output to

activate light-sensitive proteins without heating the brain tissue.

5.5.1 Optical performance of yLED coupled glass optrode

array

According to the design, the light could be either guided into the targeted region
of brain to achieve deep brain stimulation via glass needles (Fig. 5.17(a)), or could
enable the superficial stimulation at the surface of cortex (Fig. 5.17(b)). However,
the light from an yuLED element is emitted at all angles, i.e. the pLED element is
a Lambertian emitter. Therefore, the further it is away from the pLED element,
the wider the spread of light. In the optrode array, the uLED array is about 300
pum away from the Utah glass needle array due to the sapphire substrate (about
150 pm thick) and the glass backplane (about 150 pm thick). As a result, the
light is scattered when propagating through the sapphire substrate and the glass
backplane, which leads to optical cross-talks between adjacent glass needles. Light
is not only delivered into the brain tissue via the aligned needle, but also delivered
by neighbouring needles due to light spread in the sapphire substrate and the glass
backplane.
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FIGURE 5.17: Two types of stimulation achieved by the pLLED coupled glass
optrode array. (a) Light coupled into the glass needle to achieve deep brain
stimulation. Scale bar: 1 mm. (b) Light emitted from the gap of needles to
enable superficial stimulation. Scale bar: 1 mm.

In order to prevent the light from escaping to outside of the needle, a thin metal
blocking layer is added to the interface between the uLLED array and the Utah glass
needle array (Fig. 5.18). For a better comparison, half area of the uLED array
is covered by the metal layer and the pinholes are opened for optrode elements
(80 x 80 um?) and superficial elements (40 x 40 pm?). As shown in Fig. 5.19(a)
and (b), light from the optrode element and the superficial element demonstrate
wider emission profiles without the pinhole layer. On the contrary, when the
pinhole structure is added to the element, it prevents light from coupling into
neighbouring needles. This improves the spatial resolution of optical stimulation.
(Fig. 5.20(a) and (b)).

To further investigate the emission profile, the distribution of light from the needle
tip is experimentally obtained by introducing fluorescence. Fluorescein sodium
(CooH1oNagOs), one of the commonly used fluorescent tracers, is used in this
project to reveal light emission profiles. The peak absorption of fluorescein sodium
ranges from 460 nm to 490 nm depending on the pH value and the concentration of

solution [173]. Here, a concentration of 0.5% fluorescein sodium solution is applied
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FiGUurE 5.18: pLED-coupled optrode array with a metal pinhole layer at the
interface between the uLED array and the Utah glass needle array. The black
dash line shows the boundary of metal pinhole layer: metal pinhole layer covers
the right and the left area is left blank. Scale bar: 400 ym. The close-up image
highlighted by a red dash box. Pinholes with 80 x 80 um? are aligned to glass
needles and the ones with 40 x 40 ym? are aligned to the interstitial regions of
glass needles. Scale bar: 100 pm.

AT

eessBE.

FIGURE 5.19: Light emission profiles from the optrode element and the in-
terstitial element without the pinhole structure. (a) The light is scattered and
coupled into the aligned needle (labelled by a red arrow) and the neighbouring
needles. Scale bar: 400 pum. (b) Broad emission profile is formed due to the
scattering in the sapphire substrate and the glass backplane. The red arrow
points out the lighted interstitial element. Scale bar: 400 pm.

to check the light beam profile. The optrode array is placed on an X-Y-7Z stage
so that it could freely move in all directions at a constant speed (shown in Fig.
5.21). Therefore, it is available to adjust the position of the optrode array in the

solution to get a better view from the camera (Fig. 5.22).

When the optrode array is dipped into the fluorescein sodium solution, an image

of clear the paths is obtained by the digital camera. Two optrode elements were
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FIGURE 5.20: Light emission profiles from the optrode element and the in-
terstitial element with the pinhole structure. (a) The light emitted from the
optrode element (labelled by a red arrow) is confined at the needle tip. Scale
bar: 400 pm. (b) Collimated light emission profile is achieved by the interstitial
element with pinhole structure (highlighted by a red arrow). Scale bar: 400 pm.
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FIGURE 5.21: Setup for investigation on light beam profile. The pLED coupled
glass optrode array is fixed onto an X-Y-Z stage which provides horizontal and
vertical movements and the camera is set to offer a side view.
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FIGURE 5.22: Light emission profiles of the optrode array with and without
pinhole structures. Glass needles are labelled by black dash lines and the lighted
optrode element is highlighted by the white arrow. (a) Single lighted optrode
element without pinhole structure. The light distribution is revealed in the
fluorescein sodium solution. The light scattering in the glass backplane causes
the light coupling into the adjacent needles. Scale bar: 1 mm. (b) Colour map
of light distribution with normalized optical power intensities. The intensities
of light around five needles are in the same level, resulting in a broad emission
profile. Scale bar: 1 mm. (c) Single lighted optrode element with pinhole
structure. The light distribution is revealed in the fluorescein sodium solution.
The light scattering is eliminated so that less light is coupled into the adjacent
needles. Scale bar: 1 mm. (d) Colour map of light distribution with normalized
optical power intensities. Restricted beam profile is formed near the tip of
lighted needle. Scale bar: 1 mm.
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driven at 20 mA: without pinhole structure and with pinhole collimation (Fig.
5.22(a) and (c) respectively). When there is no pinhole structure, the light is cou-
pled into the neighbouring needles and emitted out from multiple tips. Moreover,
background illumination is introduced by the scattering in the glass backplane so
that the spatial selectivity of optical stimulation in brain tissue is limited. On the
contrary, the back scattering could be eliminated by the pinhole structure so that
the optical cross-talk is avoided. Furthermore, colour maps are obtained from the
light path images to demonstrate the light beam distributions from two types of
elements (Fig. 5.22(b) and (d) respectively). The distributions are plotted accord-
ing to the normalized optical intensities from 0 to 1. The needles are labelled by
black dash lines and the lighted needle is highlighted by the black arrow. In Fig.
5.22(b), the light is not only guided by the aligned needle, but also coupled into
the neighbouring needles. The light emitted from the neighbouring needles show
the same level of optical intensity as the one from aligned needle. Thus, when one
optrode element is lit up, neighbouring optrode elements are simultaneously lit
up due to the optical cross-talk. A broad emission profile is achieved so that the
spatial resolution of optical stimulation is reduced. On the other hand, restricted
emission profile is formed at the region near the lighted needle (Fig. 5.22(d)). The
scattering in the glass backplane is avoided by the pinhole structure so that less
light is coupled into the adjacent needles. Therefore, higher spatial resolution is

achieved with pinhole structures.

On the other hand, agarose with fluorescein sodium solution is used to characterize
the mechanical stability of the optrode array. Low concentration agarose usually
acts as a surrogate of the physical characteristics for brain tissue and the light path
will be revealed due to the doped fluorescence sodium solution [174]. Therefore, a
proper size of agarose cuboid (length x width x height = 1.2 cm x 1.2 cm x 4.5
cm) was prepared in this project doped by the fluorescein sodium solution with a
concentration of 0.5 %. After the test, the optrode array was found to be able to

penetrate into the agarose gel without damage.

In addition, the output optical power at the needle tip is measured by an optical
power meter. As mentioned in the previous section, a current source is used to
operate the uLED coupled glass optrode array to achieve stable optical outputs.
With one optrode element lit up (by applying a current from 0 to 100 mA) the
optical power climbs up to 0.187 mW (Fig. 5.23). The coupling efficiency of
the integrated optrode array is about 0.22 %, which matches the value obtained
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FIGURE 5.23: Output optical power at the tip of the needle of the optrode
array is plotted as a function of current.

from the optical model [168]. Regarding the surface area of the needle tip, the
irradiance at the needle tip is approximately 80 mW /mm?, which is appropriate

for optogenetic applications [74, 175, 176].

5.5.2 Thermal performance of ytLED coupled glass optrode

array

Thermal performance is one of the most important characteristics for the yLED-
based devices, especially uLED-based optogenetic devices. As introduced in previ-
ous chapters, not all of the electrical energy is transformed into optical energy and
part of energy becomes heat that spreads over the whole LED device. In previous
studies, the pLED components are implanted into the brain tissue along with the
carrier. Therefore, the heat generated from pLED elements directly propagates
into the brain tissue and neurons may be damaged if the element is overheated

[177-179]. In this project, the uLED array is coupled to the Utah glass needle
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array so that only the needle array is implanted into the brain tissue. Hence, the
heat generated could be introduced into the tissue along the glass needle. Glass is
a material which has a low thermal conductivity. As a consequence, the heat does
not transmit rapidly across the glass backplane and the glass needle. However, it
takes longer time for glass to be cooled down once the glass is heated up due to
its small heat capacity. The optrode array could be operated at 20 mA in a duty
cycle of 10 % without triggering more than 1 °C increasing in this project and the

measurement is detailed in this section.

5.5.2.1 Mechanisms of thermal measurement

According to the black body radiation law, objects with a certain temperature emit
infrared radiation. The amount of radiation energy increases when the temper-
ature of object increases. Therefore, to record and analyze the radiation energy,
a thermal camera working in a wavelength from 9 pum to 14 pm, is utilized to
detect the radiation. Typically, a thermal camera mainly includes three compo-
nents: an optical system with a set of optical lens to collect the emitted infrared
light; a infrared detector to convert optical signals into electric signals and a signal
processor to process the electrical signals to create images or plots which contain

temperature information.

In this project, a forward-looking infrared (FLIR) SC7600BB infrared camera is
used to sense the infrared radiation from the lighted optrode element of yLLED cou-
pled glass optrode array. The camera features a Indium Antimonide (InSb) sensor
with resolution of 640 x 512 pixels and enables a broad measurement range of tem-
perature from 5 °C to 300 °C with a sensitivity of 20 mK [180]. Before thermal
measurement, the camera is calibrated by using a thermocouple. The thermalcou-
ple is an electrical device consisting of two conductive wires that form an electrical
junction. The thermocouple is able to produce a temperature-dependent voltage
based on the thermoelectric effect. The thermoelectric effect is a direct conversion
between temperature change and voltage difference [181]. Therefore, the voltage
is then a function of the temperature at the joint of the two wires. and so the

voltage is then a function of the temperature at the joint of the two wires.

Typically, the thermocouple is categorized into different types based on the mate-
rials of wires: noble metal wires, base metal wires, high temperature or refractory

metal wires and non-metal wires [182]. Here, a type-E thermocouple with Nickel
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FIGURE 5.24: Calibration of the thermal camera. When the temperature
increases 1 °C, the digital count increases 157 in response.

and Chromium wires is utilized to characterize the performance of the thermal
camera. The thermocouple can provide a temperature measurement from -270
to 900 °C based on the voltage change. In order to perform the calibration, the
thermocouple is placed on a glass microscope slide by a thermal tape and then
focused by the thermal camera. The temperature of glass slide is increased to 100
°C by a heating gun. Then the heating gun is released to let the glass slide cool
down to the room temperature. The heating and cooling step are repeated for

several times to create a plot of digital counts vs temperature (Fig. 5.24).

A linear fit is applied to obtain that the conversion factor between digital counts

and the temperature and the relationship can be written as:

ADC = 157°C~' x AT (5.1)

where ADC represents the change in digital counts and AT represents the change
in temperature. Therefore, the digital counts changes 157 as a response of 1 °C

change in temperature.
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5.5.2.2 Thermal performance of tLED coupled glass optrode array

According to the design of uLED coupled glass needle array, only glass needles
are inserted into the brain tissue. Therefore, the temperature is measured at the
needle tip. For the purpose of neuronal activation in optogenetic applications,
periodic pulses of light with a given pulse width (ranging from 1 to 200 ms) and
frequency (ranging from 1 to 20 Hz) [183] are required. The thermal measurements

detailed here are performed over this range.

As mentioned before, overheating of the optrode array should be avoided and a
threshold of temperature change in brain tissue is often set at 1 °C [184-187].
Based on the design, the optrode array enables either individual or multi-site
stimulation. Therefore, the thermal measurement is carried out for both single

and multiple activated optrodes.
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Thermal measurement on a single activated optrode

This thermal measurement is performed in air at room temperature. To operate
the puLED coupled glass optrode array, a GS610 Yokogawa current source is utilized
to drive an optrode in pulsed mode. Thermal measurements were performed at
20, 50 and 100 mA (corresponding to 30, 55 and 80 mW /mm? respectively). The
pulse mode was set at different pulse widths (PW, 1, 2, 5, 10, 20, 50, 100 and
200 ms) and frequencies (f, 1, 2, 5, 10 and 20 Hz). As shown in Fig. 5.25(a), (b)
and (c), a higher amplitude current results in a greater change in temperature at
the needle tip. At a constant current level, the heat generation is affected by the
pulse width and the frequency. For a given frequency, the amount of generated
heat decreases while the pulse width reduces. As an example, the optrode was
driven at 20 mA with 1 Hz, the temperature is increased by about 3.5 °C when
the pulse width is set to 200 ms. Once the pulse width decreases to 1 ms, less
rise in temperature (0.1 °C) is recorded at the needle tip. When the frequency
of current supply is set to 2, 5 and 20 Hz, the amount of temperature increase
at the needle tip is also reduced with the decrease of the pulse width. A similar
decreasing trend is observed when the optrode is operated at different current level
(50 and 100 mA) with same frequencies (1, 2, 5, 10 and 20 Hz) and pulse widths
(1, 2, 5, 10, 20, 50, 100 and 200 ms).

According to the Fig. 5.25, the relationship between the temperature change and
the pulse width of current supply at a certain amplitude (20, 50 and 100 mA) and
a given frequency (1, 2, 5, 10 and 20 Hz) is linear in logarithm scales. In order
to further investigate the thermal performance of optrode array, the temperature
change (AT) was plotted as a function of the duty cycle (D) (as shown in Fig.
5.26). Similarly, the relationship between temperature change and duty cycle
is linear in logarithm scales. Therefore, if a represents the intercept on y-axis
(temperature change) and b is the slope of the line. Then the relationship can be

written as:

10AT — 10a+b><D (52)

which can be rearranged to:
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FIGURE 5.25: Thermal measurement performed at the single needle tip. The
single optrode is operated by a current source with different frequencies (1, 2,
5, 10 and 20 Hz) and pulse widths (1, 2, 5, 10, 20, 50, 100 and 200 ms). The
optrode is operated at (a) 20 mA, (b) 50 mA and (c) 100 mA, respectively. All
the measurements are repeated for 5 times.
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FIGURE 5.26: Thermal measurement performed at the single needle tip with
different duty cycles. The single optrode is operated by a current source with
different duty cycles (from 1% to 50 %). The amplitude of current source is 20
mA (red triangles), 50 mA (green circles) and 100 mA (blue squares). Linear fits
are achieved and indicate linear relationship between the temperature change
and the duty cycle.
AT =10+ D° (5.3)

Therefore, for a given duty cycle and current, the relationship could be written as

exponential function with base 10 (formula. 5.3). The slope and the intercept on

y-axis of each characteristic is displayed in Table 5.1.

According to the Table 5.1, when the amplitude of current ranges from 20 mA

to 100 mA, no significant difference occurs in the slope but a decrease appears in

the intercept. A linear relationship between the intercept and the amplitude of

current was found and could be expressed as an equation below:

Intercept = ay + byl

(5.4)
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TABLE 5.1: The slope and the intercept on y-axis of each characteristic.

Current (mA) Intercept on y-axis Slope

20 0.22 0.99
90 -0.14 0.95
100 -0.51 0.84

where ap = 0.36 and by = -0.01. As a result, an equation could be used to express
the relationship among the temperature increase, the amplitude of current and

the duty cycle:

AT = 10* + D
= 10(%2*2D 4 ph (5.5)
— 10(0.36—0.01><I) + D0.93

Thermal measurement on two lighted optrodes

Thermal performance is also applied to the uLLED coupled glass optrode array with
two lighted optrodes. As shown in Fig. 5.27(a), the blue element is the targeted
optrode where the temperature is recorded. The adjacent element is lit up from
element #1 to element #5 to set the distance from 400 pm to 2000 pgm. Both
optrodes are operated at 50 mA with duty cycles from 1 % to 20 %.

The thermal recording is demonstrated in Fig. 5.27(b). For a given distance,
it is similar to the single lighted optrode that the greater temperature change
is achieved at the needle tip with higher duty cycle. On the other hand, when
both optrodes are operated with same duty cycles, no significant differences of the
temperature increase are observed when the distance of two optrodes is changed.
No matter two optrodes are closer or further, the temperature change is kept in
the same level. Therefore, the heat would not accumulated at the single needle
tip when multiple elements are working. Moreover, duty cycle limit was set when
simultaneously illuminating multiple LEDs to keep the temperature in brain tissue
below 1 °C. For example, if 5 LEDs are activated, the duty cycle will be 15 % at
20 mA. As a result, the heat spreads out along the glass needles and substrate,

which makes the device ideal for the brain implantation.
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FIGURE 5.27: Thermal performance of the optrode array with two lighted LED
pixels. (a) Schematic diagram of measurement setup. The pitch of LEDs is 400
pm. The blue and green indicate the lighted LED elements and the black are
gaps between LED elements. Thermal camera is placed on the top of the needle
tip to record temperature change. (b) Thermal values of two lighting-up pixels
with different distances (400, 800, 1600 and 2000 pm). The LED elements are
driven by pulse current at 50 mA with duty cycles from 1 % to 20 %.
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5.6 Summary

In this chapter, a uLED coupled glass needle array for optogenetics is introduced.
The design and the fabrication process are described in section 5.1 and 5.2 re-
spectively. Then the performance of uLED array is demonstrated in section 5.3.
In section 5.4, the integration process is described and in section 5.5, the optical
and the thermal performance of uLED coupled glass optrode array are described.
According to the requirement of optogenetics, the optical threshold for neuronal

2. The optrode array developed in this

stimulation is approximately 1 mW /mm
project is able to provide optical irradiance up to 80 mW /mm?, which satisfies the
requirement. The optrode array also enables deep brain stimulation and super-
ficial stimulation. Similar devices have been developed by Kwon et al [188] and
Schwaerzle et al [189] which aim to resolve the optical alignment issue by directly
integrating LEDs to the penetrating needles. Their use of LEDs with low optical
power densities and large standoff distances between the LED and wave guiding
structures resulted in low optical power densities (less than 2 mW/mm?2) at each
illumination site. On the other hand, thermal performance of the array is also
characterized. In order to keep the neurons and the neural networks functioning
correctly, temperature increase should be maintained below 1 °C. As the optrode
array is operated by the current source in pulse mode. According to the ther-
mal characterization, the relationship among the amplitude of current, the duty
cycle of current source and the change of temperature at the needle tip could be

expressed as an equation of AT = 100-36-001xI 4 )093



Chapter 6

Conclusion and perspectives

In this thesis, advanced devices for studying neural activity have been presented.
A conclusion of the work is given in section 6.1 and some future plans are proposed

in section 6.2.

6.1 Conclusions

The work presented in this thesis mainly focused on developing, fabricating and
characterizing devices for studying the brain. As mentioned in chapters 1 and 2,
studying how neurons interact at the level of circuits will help our understanding
of brain functions. Therefore, it is necessary to have a high-density interface
between neurons and signal acquisition system. Over the last decade there has
been much activity in this area, with neuroscientists now recording from 10s to
100s of neurons simultaneously. The ability to perturb these neural circuits (either
electrically or optically), while recording circuit activity, has become an important
research area. Optogenetic techniques are a fine example of this, since they have

rapidly expanded within a little over 10 years.

For in vivo and the in vitro experiments, the desire is to have this high-density
recording/stimulation in a format that does minimal damage to the neural sub-
strate. These closely packed multi-site devices are required to simplify spike sorting

and identify signals from individual neurons. Therefore, semiconductor fabrication

102
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techniques are introduced to produce compact microdevices with multiple chan-
nels accessing networks of neurons. The techniques used to develop these devices,

are outlined in chapter 3.

Devices fabricated in this project were detailed in chapter 4 and 5 respectively. The
high-density penetrating microelectrode array was designed to have 61 recording
sites. Each site was placed on the tip of a 200-pum high needle so that all the
recording sites can penetrate the surface of tissue and approach to the healthy
neurons underneath. During the fabrication process, three main challenges were
overcome by developing the fabrication steps. Firstly, the deep reactive ion etch
was optimized to achieve deep needle-shape profile with high aspect ratio (> 12 :
1). Typically, the standard etching recipe was able to achieve a deep trench with
parallel sidewalls. In this project, the etch recipe therefore was optimized (shown
in Table A.3).

Secondly, the spin uniformity of photoresist was affected by the high aspect ratio
features on the sample (shown in Fig. 4.9(b)). The photoresist around the deep
features was thicker than at other regions of sample. In order to achieve uniform
spin coating, a multi-exposure step was developed to completely expose the thicker
photoresist so that the recording electrodes and tracks can be clearly defined.
Furthermore, the photomask was also updated with wider tracks to avoid over
exposure. Thirdly, KOH wet etching was applied to reveal needles from the back
side of sample. In order to protect all the metal tracks on the front side, two
extra steps were introduced: the sample was firstly coated with protective film to
prevent KOH solution from damaging the tracks and then the sample was partially

placed into the KOH solution to expose the needles.

This device showed all of the electrical characteristics needed to record from neu-
rons. The impedance of electrode was about 450 k() at 1 kHz so that the neural
signals can be efficiently extracted. Moreover, 3 pF of inter-channel capacitance
was achieved. Therefore, the electrical cross-talk between neighbouring channels

is minimized when recording neural signals.

In chapter 5, a uLED array was demonstrated as a light source for optogenetics.
The array presented in this thesis can provide 181 individually addressable illu-
mination sites (81 for surface illumination and 100 for deep cortex illumination).
When the pLED array was coupled to the Utah glass needle array, comprehensive

electrical, optical and thermal testing of the compact device was performed and
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demonstrated in chapter 5. An output power of 170 uW at 450-nm wavelength
can be emitted from the tip of the needle, when driven at 100 mA. It gives a peak

2 at the tip of needle. According to the thermal mea-

irradiance of 80 mW /mm
surement and modelling, a duty cycle limit was put on the operation of the device
to ensure the neural tissue does not exceed a 1 °C temperature rise. The equation
obtained from the thermal measurement can be used to determine the operation
strategies. Furthermore, the thermal constraint was also considered when multiple
sites were activated. If the temperature in brain tissue at the tip is to be kept be-
low 1 °C, a 15 % duty cycle limit will be placed when simultaneously illuminating

multiple LEDs such as 5 elements at 20 mA.

As mentioned in chapter 5, the main difficulty in the fabrication process is to
avoid weak points at the passivation layer (SiOz). These weak points are the main
reason for electrical shorts between the p- and n-type contacts of the LED element.
In order to overcome this challenge, an O, plasma ashing step was introduced to
further clean the sample and ensure no photoresist residual left on the surface,
especially on the trenches between adjacent n-type GaN mesa (shown in Fig. 5.8).

Therefore, a fabrication yield of over 95 % was achieved in this project.

6.2 Future works

In order to further improve the performance of the penetrating microelectrode
array and the pLLED coupled glass optrode array, some optimizations in the fabri-

cation process are needed and detailed below.

6.2.1 Optimization of high-density penetrating microelec-

trode array

According to the device characterization, the fabrication process of this penetrat-
ing microelectrode array can be further developed to improve the performance.
Firstly, the front side of sample should be well-protected during KOH wet etch-
ing since 13 tracks were damaged by this process. According to the fabrication
result, ProTEK B3 film was not enough to resist the KOH etch on the front side.
Therefore, an oxide-nitride-oxide (Si02-SiN,-SiOs) stack will be deposited onto
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the sample before coating ProTEK B3 film. The oxide layer has a good adhe-
sion and also a good resistance to KOH solution. The nitride layer is able to
further improve the alkaline resistance. As a consequence, all recording channels
will be well-protected so that all 61 electrodes will fully function during in wvitro

experiment.

Secondly, the needle tips were found to be rough after KOH and BOE wet etch
(shown in Fig. 4.18). Therefore, the needles will be fragile and may be broken
during insertion. As shown in Fig. 6.1, some tips of needles faded away during
the wet etch and the remaining tips started to be damaged. In order to fabricate
needles with proper shapes, some additives such as isopropyl alcohol (IPA) can
be added to the KOH aqueous solution [190] to achieve good control on wet etch
process. Therefore, the needles will be exposed more uniformly with a regular

needle-shape.

FIGURE 6.1: Penetrating microelectrode array with broken needles. Scale bar:
200 pm. After KOH and BOE wet etch, some tips of needles were found to have
been damaged (highlighted by red dash box). Scale bar: 20 pm.

6.2.2 Optimization of yLED coupled glass optrode array

As mentioned in chapter 5, the uLED array is designed to be matrix addressable
to achieve individual and multi-site illumination, while minimizing the number of
interconnects. Therefore, any short circuits in the array will lead to unexpected
pattern illumination. In order to further avoid short circuits, two possible strate-
gies will be applied in the future fabrication process. One of the simplest way is to
increase the thickness of the passivation layer (SiOs). In this work, the thickness
of the passivation layer is 300 nm. In the future, the thickness will be increased

to 1 pym. Moreover, in order to avoid pinholes during the PECVD process, the
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deposition will be separated into two steps and each step will form 500-nm thick
SiO, layer. However, the thicker the SiOy layer, the more stressed the thin film
becomes. The sample may have more risk to be cracked and therefore, another
strategy is developed to create small steps on the sidewalls of the n-type GaN
mesa (shown in Fig. 6.2). During the current fabrication process, the height of
n-type GaN mesa was about 5 pm which is big step for thin SiOs layer (300 nm)
to fully cover. Therefore, the SiOy layer will be thinner on the sidewall than on
the top and bottom of the mesa. The thinner SiO, is considered as a weak part
on the passivation layer and may cause short circuits. This can be mitigated by
creating a stepped sidewall profile, with each step measuring 2, 2 and 1 gym in
height. The sidewall profile can be obtained by using Veeco Dektak3 Surface Pro-
fileometer. This will allow a relatively uniform coating to be achieved over the
smaller steps and minimise the chance of poor isolation between the n- and p-type
contacts. This is shown in Fig. 6.2. As a consequence, the coverage of thin SiO,
layer will be improved to achieve uniform thickness of deposition and the short
circuits therefore will be further avoided.

(1 (2)

— —

n-GaN n-GaN n-GaN
Sapphire Sapphire Sapphire

FIGURE 6.2: Schematic diagram of creating small steps on the sidewalls of
n-type GaN mesa. After p-type GaN etch, the n-type GaN layer will be etched
twice. This two-step etch will create stepped sidewall on n-type GaN layer and
the step will be 2, 2 and 1 um in height.

Apart from the device fabrication, the coupling of the uLED array and the Utah
glass array can be further optimized. In the current design, the optical cross-talk
between the glass needles was significantly reduced using a metallic layer (Ti/Au)
with small apertures (80 x 80 yum? and 40 x 40 um?) to block stray light. However,
according to the modelling, the pinhole structure is not ideal to block stray light.
It cannot block all stray light and still allow for enough light emitted from the
needle tip. An alternative option is to replace the glass backplane of the needle
array with a silicon backplane with ethced holes that acts as optical interposers
to allow light to couple into the needles and the interstitial sites. The completed
optrode array with silicon interposer is shown in Fig. 6.3 and the performance

characterization is underway.
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FIGURE 6.3: Completed optrode array with silicon interposer. Glass needles
are directly integrated onto the silicon substrate with optical interposer. The
uLED array is placed at the back side of the silicon interposer. The whole device
is wire bonded to the external electronic system via insulated gold wires and is
encapsulated with polymer. Scale bar: 500 pm.

6.2.3 New design of novel integrated optrode array

The optrode array demonstrated in this project is only used to activate neurons
optically. The generated neural signals can propagate to the rest regions of the
brain through the neural network. In order to investigate the connections between
neighbouring regions, another electrophysiological recording device is needed such
as high-density microneedle array. As a result, secondary invasion to the brain
will be introduced by the implantation of microneedle array. To minimize the
tissue damage, it is expected to integrate the electrodes with the optrode array so
that it can function as a stimulus and a recording site simultaneously (Fig. 6.4).
Moreover, mapping the neural network in the deep brain region becomes possible

due to the large coverage (5 mm x 5 mm) of the optrode array.

This design will present some device fabrication challenges: firstly, the electrodes
should be positioned on the needle tip with metal tracks wired out to the outer
electronic system. The fabrication will be challenge but the recent study provides

a potential strategy to achieve the goal [191]. However, the light will be blocked
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Glass needle array

Silicon interposer

LLED array

FIGURE 6.4: Schematic of integrated optrode array. Metal electrodes are placed
on the top of the needles and the tracks are along the needles.

by the electrodes and wires if they are made of metal such as gold, tungsten or
platinum; secondly, there will be 181 recording channels connect between outer
electronic system and electrodes. As a result, transparent conductors should be
considered that have the capability to be patterned at a density that would allow
multiple tracks between each needle in the array. Indium Tin Oxide is a good
candidate for this and has been used to individually address microelectrodes for
neural recordings in the past [139, 188] and is optically transparent. With these
optimizations, the devices presented in this thesis promise to realise high-density

recording/stimulation from intact neural circuits both in vivo and in vitro.



Appendix A

Dry etching recipes

A.1 Aluminium etch recipe

In this project, the aluminium etch was achieved by using ICP system and the

recipe is shown in table A.1. The etch rate is about 120 nm/min.

TABLE A.1: Aluminium etch recipe.

Cl, BCl; Platen power Coil power Pressure
(sccm) (sccm) (W) (W) (Torr)
4 16 50 NA 0.02

TABLE A.2: Si etch recipe of standard Bosch process.

Parameter Unit Dep Etch
name
Process
time sec 7 7
C,Fy sccm 135 NA
SF¢ sccm NA 135
ICP

Forward Power W 600 800
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A.2 Silicon etch recipe

The etch recipe of a standard Bosch process is shown in table A.2. In this project,
the Bosch process was optimized for the purpose of needle-shape etching profile
and the optimized recipe is shown in table A.3.

TABLE A.3: Characterized Bosch process recipe to achieve long, tapered needle
profile.

Parameter ;o' pey Etch A Etch B
name

Process
time sec 2.5 1.5 3.5
C,Fg sccm 150 NA NA
SFg scem NA 150 300
Ar sccm 30 30 30
ICP

Forward Power W 2000 3000 3000
Pressure mT 25 40 75

A.3 Silicon dioxide etch recipe

TABLE A.4: Silicon dioxide etch recipe of high etch rate.

Ar CHF;3; RIE power Pressure
(sccm) (sccm) (W) (Torr)

15 ) 200 0.03

TABLE A.5: Silicon dioxide etch recipe of low etch rate.

Ar CHF;3; RIE power Pressure
(sccm) (sccm) (W) (Torr)

15 ) 120 0.03

There are two etch recipes of silicon dioxide in this project. One provides a high
etch rate (40 nm/min) and the other one provides a low etch rate (28 nm/min).
The recipe of high etch rate is detailed in table A.4 and the one of low etch rate

is shown in table A.5.
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A.4 Titanium/tungsten bilayer etch recipe

The titanium/tungsten bilayer is etched in RIE tool and the recipe is demonstrated
in table A.6.

TABLE A.6: Titanium/tungsten bilayer etch recipe.

Material Ar SFe RIE power Pressure

(sccm) (sccm) (W) (Torr)
Ti 40 10 200 0.045
W NA 60 120 0.05

A.5 Parylene-C etch recipe

Parylene-C film is etched in RIE tool and the recipe is shown in table A.7. The

etch rate is about 380 nm/min.

TABLE A.7: Parylene-C etch recipe.

O, RIE power Pressure
(sccm) (W) (Torr)

50 200 0.08

A.6 Palladium etch recipe

The palladium is etched in RIE tool and the etch recipe is shown in table A.8.

The etch rate is about 10 nm/min.

TABLE A.8: Palladium etch recipe.

Ar RIE power Pressure
(sccm) (W) (Torr)

20 300 0.035
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A.7 Gallium nitride etch recipe

The Gallium nitride is etched in ICP system and the etch recipe is shown in table
A.9. The etch rate is about 280 nm/min.

TABLE A.9: Gallium nitride etch recipe.

Ar Cl, Platen power Coil power Pressure
(sccm) (sccm) (W) (W) (Torr)

10 30 200 400 0.02
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