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Abstract

Control of neural activity is a powerful tool for studying circuits in the brain.
Although optogenetics offers innovative approaches to achieve this in a cell-type-
specific manner with millisecond precision, there are still significant challenges. For
example, it is still difficult to activate cell populations at high spatial resolution
in vivo as well as to record responses from individual neurons in large groups both
in vivo and in vitro. The present work covers the development and improvement of
optoelectronic microdevices to this end, that can be divided into two categories:
novel silicon probes using micro-scale light emitting diodes (nLEDs) for in vivo
circuit manipulation and analysis, and invitro electrode arrays for massively
parallel recording. Compact penetrating needle probes have been designed to
contain up to 96 independently controllable pLEDs, emitting up to 400 ™W/mm?
of light at 450 nm. Standard operation regimes entail only a minimum rise in
temperature. The devices allow coverage of brain structures, such as the the mouse
cortex, at high spatial resolution and are capable of inducing rich spatiotemporal
patterns of neural activity inwvivo. The devices can also be extended to offer
recording capabilities in the future, and prototype devices are shown. In order
to demonstrate how electrode density is important for obtaining good recordings
from single, densely-packed neurons, existing planar retinal recording devices have
been adapted and fabricated, containing electrodes with a pitch as low as 15 pm.
Versions with increased electrode counts have been designed and will be fabricated
in the future, extending the toolbox for a better understanding of complex neural
circuits.
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1 Introduction

The human brain is a tremendously complex organ [1], often called the most
complex object in the known universe. Understanding how it works, in terms of
how the flow of electrical signals through neural circuits gives rise to the mind,
is one of the biggest challenges in science. Currently, huge efforts are made to
approach this problem in an interdisciplinary way. Large programs have been put
in motion in the past years [2], including the Human Brain Project in Europe [3]
and the BRAIN Initiative in the US [4,5]. To understand the exact wiring diagram,

research has to be conducted on the neuronal level.

1.1 Motivation

Although the coarse structures of the brain are similar between individuals,
the details are in the wiring diagram of the microcircuits. When trying to
study the brain at such high resolution, it is a good idea to take an approach
through first studying simpler structures and less complex model organisms. These
simplifications can still provide very helpful results, since many principles of neural
function and organization are conserved across different animal species [5]. In
order to understand the difficulties of studying complex neural systems, one can
look at one of the most popular model organisms for studying neural circuits: the

roundworm C. elegans (see Figure 1.1). The ~1 mm-long hermaphrodite worm has

Figure 1.1:
Caenorhabditis elegans, a simple model organism containing exactly 302 indi-
vidually named and connectivity-mapped neurons [6]
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exactly 302 neurons. Its wiring diagram, with over 7000 synapses, is completely
known [7], but until today it remains the only organism for which this mapping
has been achieved. Although it is a very complicated procedure, the structure
of nervous systems can now be obtained by electron microscopy integrated with
tissue slicing systems. These setups are capable of producing stacks of images

with high resolution in three dimensions [8].

However, even if all the morphological information of a particular nervous system
is known, there is still no deep understanding of how it functions. Additional
information, about how the firing patterns of all individual neurons are interrelated,
is needed. The information cannot be extracted from dead tissue, but requires
sophisticated technology that can probe live brain tissue [9,10] and advanced

methods for analysing the resultant datasets (can be 100s TB in size [11]).

As outlined by the BRAIN initiative, there is a strong need to “accelerate the
development and application of new technologies that will enable researchers
to produce dynamic pictures of the brain that show how individual brain cells
and complex neural circuits interact at the speed of thought” [5]. This need for
technology development is also reflected in the name of the BRAIN Initiative:
“Brain Research through Advancing Innovative Neurotechnologies”. One category
of tools is concerned with perturbation, more precisely activation and inhibition
of neural firing. The relatively new technique of optogenetics [12-14] can be very
helpful for the analysis of neural microcircuits, as it allows this on a millisecond-
timescale and in a light-controlled fashion [15-18]. Cell types can be targeted
genetically and neurons can be targeted individually. In this way, optogenetics
can give insight into neural coding and also help further the understanding of
how neural activity links to behavioural responses. It is therefore described in
the BRAIN initiative as one of the key techniques, for which new tools should
be developed. In order to fully exploit the technique, light needs to be delivered

at high spatiotemporal resolution to regions that are often difficult to access.



1.2 Thesis Outline

Multi-photon stimulation, having good sub-cellular resolution [19-22], is limited
to ~1 mm in depth because of light absorption and scattering in the brain. One way
around this problem is miniature in vivo-implantable probes allowing multi-point

optical stimulation at resolutions approaching the cellular scale.

Just as important for neural circuit analysis is a means of fast recording of circuit
responses to the induced perturbations, for which electrode arrays are a good
method. It is desirable for these to have high spatial resolution and high electrode
counts. At the same time, interference with the neural system has to be kept at
a minimum. This means that implantable devices need to be very compact to

minimize tissue damage.

New specialised tools are needed for these purposes (see review by Alivisatos
et al. [23]), posing challenges for physicists and engineers. These problems will be
addressed in this thesis, covering the development of novel photonic technologies
for sophisticated optogenetic studies. The aim is for these devices and their future
enhancements, to bring us one step closer to understanding neural computation

and so brain malfunction.

“By exploring these patterns of activity, both spatially and tempo-
rally, and utilizing simpler systems to learn how circuits function, we
can generate a more comprehensive understanding of how the brain
produces complex thoughts and behaviors. This knowledge will be
an essential guide to progress in diagnosing, treating, and potentially
curing the neurological diseases and disorders that devastate so many
lives.” [5]

1.2 Thesis Outline

The main concepts and techniques that allow these devices to be produced,
are covered in chapters 2 and 3. This includes an introduction to the general
basics of the fields involved in this interdisciplinary work, namely neurobiology,
semiconductor physics and microfabrication. The subsequent chapters cover
different devices for neurobiological studies. Chapters 4 and 5 concern penetrating

needle-style probes for spatially precise optogenetic neuronal activation in the
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brain in vivo, focussing on the fabrication and characterization and the in vivo
performance, respectively. The processes for fabricating different arrays have been
developed and are described in detail. Light propagation has been simulated and
measured and it is shown that a wide range of tissue volumes can be stimulated
with the probes. Device heating has been simulated and the model has been
verified experimentally. Thermal properties are shown to be at acceptable levels.
A compact system for driving the multi-channel pLED probes has been developed
and produced and is introduced. It consists of a hardware (headstage and interface)
and a software component. The probes’ usefulness is then shown by activating
subsets of cortical neurons in a depth-dependent manner in vivo in a mouse model.
An advancement of this device is described in chapter 6: integrating recording
electrodes makes it possible to fully exploit the probe’s capabilities, as the chapter
goes on to show. The described fabrication process can offer high electrode counts
and densities, as shown in prototype devices. Chapter 7 describes the design,
fabrication and performance of a different class of devices: transparent planar
electrode arrays for (optogenetic) invitro studies of the eye. Again, the design
and fabrication are described, followed by characterization. It is shown how high
electrode density is key for the complete recording from a volume of neurons. The
following chapter outlines some directions and ideas for future work (chapter 8)

after which, the overall conclusions are drawn in chapter 9.



2 Basics of Neuroscience and
Optogenetics

This work concerns the development of novel technologies for neuroscience studies
using optogenetics. This introductory chapter therefore aims to briefly describe
some of the main concepts of these respective fields. The following section 2.1
touches on the basics of nervous systems. Optogenetics and other neuronal
stimulation methods are then introduced in section 2.2, with section 2.3 covering
neuronal recording. A summary of some key devices in this field is given in

section 2.5.

2.1 Nervous Systems

The nervous system in vertebrate species consists of the central nervous system
and the peripheral nervous system. The central nervous system includes the brain
and the spinal cord. The nervous system is partly made up of nerve cells, so-called
neurons. These cells can receive inputs from and relay signals to other neurons
using connections called synapses. A second class of cells found in the nervous
system are glial cells. These cells provide structure and metabolic support. The
human brain comprises of around 86 billion (~10'') neurons [24] — the same order
of magnitude as the number of stars in the Milky Way. The number of neural
connections is even greater, with each neuron being linked to other neurons via
tens of thousands of synapses. This leads to a staggering number of synapses of
around one quadrillion (10'). The next section will introduce neurons as the basic
computational units of nervous systems and explain the biochemical processes
underlying their function. Afterwards, the eye and the brain will be described as

neural systems with large and very large integration.
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2.1.1 Neurons

Nerve cells, or neurons, consist of a cell body (soma), dendrites (which are
usually numerous) and an axon. The cell is surrounded by a membrane with a
thickness of ~6-8 nm. The soma contains the nucleus with the cell’s genetic code.
Neurons receive incoming signals through the dendrites. The signals are then
integrated and when a threshold is reached, the cell itself signals. It is said to fire
an action potential or spike. The cell’s axon conveys the signal to downstream
neurons that can be between 0.1 mm to 2m away. Neurons create synapses on
downstream neurons, where action potentials trigger a release of chemicals that are
sensed by the postsynaptic cell. Neurons can be either excitatory or inhibitory
with respect to downstream neurons [25]. Figure 2.1 shows the anatomy of a

neuron.

Embedded in the cell membrane are two notable classes of membrane proteins,
which are essential for neural signalling: ion channels and ion pumps. They
play an important role in creating the characteristic waveform of a spike, which is
unique for each neuron. When the neuron is at rest, ions are actively pumped using
adenosine triphosphate (ATP) as an energy source. While getting hydrolysed to
adenosine diphosphate (ADP), ATP provides the energy to pump three Nat-ions
out of the cell while at the same time pumping two K*-ions in. The ions have

the tendency to travel back through the ion channels, following concentration

presynaptic cell postsynaptic cell

; %dendrltes
e/nucleus N\ %\%

synapses?/\)

Figure 2.1:
Signalling between neurons (anatomy); a neuron receives inputs from upstream
neurons through synapses on their dendrites, when an action potential is fired,
the signal travels down the axon to downstream neurons
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and electrostatic gradients, to reach equilibrium. Since this process is faster for
K*-ions than for Na*-ions, concentrations and equilibrium potentials (shown in
Figure 2.2 A) that give an overall resting potential of about -70 mV are reached.
At rest, K™-ions are mainly concentrated in the cell, together with anions. Na™-,

Cl™- and Ca*"-ions are mainly found extracellularly.

Also embedded in the cell membrane of a neuron are numerous voltage-gated
Nat-channels. These are closed when the neuron is at rest. When a certain
threshold voltage is reached, following synaptic transmission, these channels open
and evoke an action potential as depicted in Figure 2.2 B. Nat-ions enter the
cell down the chemical gradient, leading to a strong depolarization. As the

membrane potential rises, KT-channels also open, allowing K*-ions to rush out
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Figure 2.2:
Signalling between neurons (physiology); A) Charge carriers in a neuron at
rest (modified from Squire [26, p. 95]), showing extracellular and intracellular
concentrations and equilibrium potentials; B) Time course of an action potential,
the duration of the action potential is ~1 ms; C) Hodgkin-Huxley model of action
potential generation (after Koch [27, p. 145])
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of the cell. The Nat-channels have a self-closing mechanism which is activated
immediately after opening, but the K*-channels remain open, eventually hyper-
polarizing the cell. When they finally close, following hyperpolarization, the cell
returns to its resting state. The action potential travels down the axon at a speed
of 1-100m/s, depending on the thickness of the myelin sheath. The mechanism by
which this happens is a chain reaction of consecutive depolarizations of neighbour-
ing areas of the axonal cell membrane, locally opening the Nat-channels. The
signal is forced to travel unidirectionally due to the refractory period of the
action potential (inactivation period of the Nat-channels). The myelin sheath
covering the nerve fibres leads to a rapid signal conduction since the insulated
areas cannot become depolarized causing the signal to “jump” between so-called
nodes of Ranvier. The low membrane capacitance and the low conductivity caused
by the myelin sheath mean that, the attenuation of the potential is low, allowing
it to travel further before needing to open more channels. In contrast to the
electrical conduction of the action potential in the axon, the events at the synapse
are chemical in nature. The presynaptic terminal contains vesicles filled with
neurotransmitters. These are released by exocytosis when the action potential
depolarises the pre-synapse and opens the voltage-dependent Ca®*-channels lead-
ing to Ca?*-influx. The neurotransmitters then diffuse across the synaptic cleft
and bind to receptors in the postsynaptic neuron’s cell membrane, where the chem-
ical current is converted back into an electrical one. The exact response depends
on the type of receptor being activated. More information on neurophysiology

can be found in a book by Squire [26].

The complete process of action potential generation and propagation can be
described mathematically using the Hodgkin-Huxley model shown in Fig-
ure 2.2 C. Using the model, the membrane potential V;, can be described by the
differential equation [27,28, p. 151]

dVi
Cn+ 2 = Gt (B = Vi) + Gicr (B = Van) + G (Ve = Vi)
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The cell membrane is modelled with a capacitance C}, and a leak conductance G,,.
Na*t- and K*-flow is modelled by the time- and voltage-dependent conductances,
Gna+ and Gg+, respectively. Ey,+ and Eg+ are the equilibrium potentials for

Na™- and K*'-ions, respectively, and V. is the cell’s resting potential.

2.1.2 The Eye

This thesis is about technologies for studying neural circuits. They can be
applied to different neural systems, some of which have properties that make them
particularly suited. A part of the brain that is easily accessible for observing
neural signalling is the eye and particularly the retina. Therefore, it can be a
good starting point for studying the brain’s neuronal circuitry and it has long
been a popular model system. The retina is located at the back of the eye,
where light hits it through the pupil as shown in Figure 2.3 A. Like the brain,
the retina itself is highly organized and has a layered structure with a thickness
of ~200 pm in humans (see Figure 2.3 B). In the case of the retina, the layered
structure consists of an input layer of photoreceptor cells and an output layer
of retinal ganglion cells (RGCs) connected by a layer of horizontal, bipolar
and amacrine cells processing the visual images so that they can be sent to the
brain using the ~106 RGC axons leaving the eye through a cross-sectional area
of ~1 mm? (optic nerve). The number of retinal ganglion cells (RGCs) is only
about 1% of the number of photoreceptors. Therefore, a vast amount of low-level

visual processing takes place in the eye.

There are two types of photoreceptors, rods and cones, which have a distinct
morphology and serve different purposes. Rods are responsible for light /dark
vision. They use a receptor called rhodopsin. Cones are responsible for colour
vision (using photopsin as a receptor). There are three types of cones, responding
to different wavelengths of light (L: long wavelength, M: medium wavelength,
S: short wavelength). The human retina contains about 100 million rods and

6 million cones, but the distribution is not uniform across the retina. Rods are
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Figure 2.3:
The eye; A) Building blocks of the eye (schematic); B) Light and information
flow in the eye; C) Receptive field of a retinal ganglion cell; D) Distribution of
retinal ganglion cells across the retina; density increases when moving closer to
the fovea (adapted from Curcio and Allen [29])

mainly located close to the fovea, whereas cone density is higher in the periphery.
The photoreceptors give the eye some amazing capabilities. For example, cones
allow us to see letters with stroke widths covering only 1-2 photoreceptors and

rods allow us to sense individual photons [30].

Retinal ganglion cells come in two main functional classes called on cells and off
cells. On cells fire more quickly when the eye is exposed to a brighter light stimulus,
whereas off cells respond with a reduced firing rate. This mechanism helps perceive
brightness changes very quickly. Furthermore, cells can be sustained cells or
transient cells. Sustained cells maintain their response over the stimulus period,
whereas transient cells change their firing rate only for a short period after the

stimulus. Each RGC has a so-called receptive field — an area on the retina, that,

10
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when exposed to a stimulus, leads to a response of the RGC (Figure 2.3 C). Usually,
one can identify a centre and a surround region leading to opposite responses
(on cell: centre stimulus leads to faster firing, surround stimulus decreases firing).

Further information on the eye can be found elsewhere [25].

Using multi electrode arrays (MEAs), action potentials can be recorded from the
RGC output layer. When the photoreceptor input layer is stimulated optically,
conclusions can be drawn about the wiring of the intermediate layers. In order to
allow visual stimulation without reflections from the device, and for simultaneous
imaging, the MEAs need to be transparent. Current MEAs of this type have an
electrode pitch of 30 um [33]. In order to record closer to the fovea (the region
responsible for sharp central colour vision), higher resolution arrays are needed
due to the vastly increased neural density. This neural density relation is shown in

Figure 2.3 D. The aim of studying the retina is to finally understand the function
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Figure 2.4:
Types of neurons in the retina (after Masland et al. [31], some wide-field
amacrine cells not shown), a comprehensive morphological database covering
the eye and other brain regions can also be found online [32]
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of all the anatomically distinct types of neurons in the mammalian retina, of
which there are ~55. The function of half of them is still unknown [34]. Figure 2.4
gives an overview of the neural subtypes; more detailed information about the

retina can be found in Dowling [35] and Rodieck [36].

2.1.3 The Brain

The brain is the largest part of the central nervous system. It is enclosed in the
skull, where it processes sensory perceptions in a highly sophisticated manner [38]
and coordinates complex behaviours. It is the main place for integrating all
complex information being processed by the organism. The brain contains grey
matter and white matter. The white colour arises from the myelin sheath
around the neurons’ axons. While grey matter is present in the inner parts of

the brain, the surface (cortex) is made up of grey matter containing mainly

A B

VI

Figure 2.5:
Organization of the human neocortex into layers and areas; A) Six-layered
structure of the neocortex shown using different staining methods (adapted
from Heimer [37]); B) Brodmann areas are regions of distinct layer composition
(lateral view, adapted from Kandel [25, p. 347])
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neuronal cell bodies and supporting non-neuronal cells (glial cells). In humans
the cortex is the largest part of the forebrain and consists of 12-15 billion neurons
[24]. For mice and rats this number is about three orders of magnitude smaller
(like their brains’ volumes). The mouse and rat cortex contain about 4 million
and 15 million neurons [39], respectively (whole brain: 71/200 million neurons,
respectively, and ~10!! synapses [40,41]). In humans the biggest part of the cortex
is the neocortex. It can also be found in all other mammals and is involved
in a large range of higher functions such as sensory perception, generation of
motor commands, spatial reasoning, conscious thought and (in humans) language.
African elephants of all animals have the largest brain by volume, but one of the
reasons their cognitive abilities are inferior compared to humans is that the vast
majority (98 %) of the 257 billion neurons are located not in the cortex but in the
cerebellum [42]. Tt is thought that large cell density is another requirement for
intelligence [39]. It is estimated, that the human neocortex contains about 1000
types of neurons [43]. Like the retina, it also has a layered structure. All mammals
have six neocortical layers (Figure 2.5A), whose thickness depends on their
position in the neocortex. The remaining part of the cortex has fewer layers and
is called the allocortex. Cortical thickness does not vary a lot across species, being
always around 2-4mm [25, p. 345]. One difference is the folding of the cortex
in humans (allowing greater surface area), while mice and rats have a smooth
brain surface. In addition to the microscopic division into horizontal layers, the
brain can be divided macroscopically into four anatomical regions: the frontal,
parietal, temporal and occipital lobe. These were later found to also correlate
with different brain functions. German neurologist Korbinian Brodmann further
refined this by laterally dividing the human cortex into 52 so-called Brodmann
areas based on the thickness of each of its six layers (Figure 2.5 B, recently
refined [44]). Many of the areas can also be linked to certain functions, such as
seeing, hearing and motor control. At an even smaller level, the neocortex can be
divided into neocortical columns that are a fraction of a millimetre in width.
Neurons within columns have similar response properties, suggesting the columns

constitute a local processing network [25, p. 348]. For example there is a clear
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relation between neocortical columns in the visual cortex (Brodmann area 17)
and the eye. Neurons within a column share the same visual receptive field and
nearby columns represent nearby points in visual space [26, p. 590]. There is still
a lot to be learned about the functioning of neural circuits in general. If single
neurons and small groups of neurons could be switched on and off based on their
type and location in the brain, conclusions could be drawn about their circuit
function. Optogenetic techniques can offer this type of circuit manipulation; they

will therefore be introduced in the following section.

2.2 Optogenetic Neural Stimulation

The conventional method to stimulate neural circuits is using electrical impulses
[45]. This has the drawback, that it cannot offer control over which types of
neurons are excited; every neuron in the proximity of the current source is affected.
Furthermore, electrical stimulation can only excite, but not silence neurons.
Fortunately, during the past decade optogenetics has developed into a useful
and versatile tool for studying neural circuits and it is now widely used. Using
genetically modified neurons, which as a result produce light-sensitive proteins
that function as light-gated ion channels/pumps, neural signalling can be evoked
or suppressed. The beginnings of optogenetics can be traced back to 1970s, when
Francis Crick considered light as being a possible tool for manipulating neural
circuits and overcoming the shortcomings of electrical stimulation. The first
light-activated ion pump, bacteriorhodopsin, was identified in 1971 [46] and many
other new members of the same family were discovered in the following decades.
These pumps and channels transport various ions across cell membranes when
exposed to a specific light stimulus. Halorhodopsin was discovered in 1977 [47]
and channelrhodopsin followed in 2002 [48]. The genetic code for the expression
of channelrhodopsin are taken from the green algae Chlamydomonas reinhardtii.
Optogenetics began to take off as a neuroscience technique after being used

successfully inwvitro in 2002 (Zemelman et al. [12]) and invivo in mammalian
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neurons in 2005 (Boyden et al. [14]). With tools for excitation and inhibition,
a powerful toolbox for selective neural modulation now exists. Figure 2.6 depicts
the principle of cell-type specific optogenetic excitation and inhibition (panels B, C)

in comparison to conventional unspecific electrical stimulation (panel A).

Optogenetics has since had a wide range of neuroscience applications. It has been
used to program memories into the hippocampus [49] or to restore memories lost
due to amnesia [50] or Alzheimer’s disease (in mice) [51]. It has also been shown
to be useful for switching off pain [52,53] or even turning whole-brain activity
on and off [54]. In the ophthalmology community it is being investigated as a
method for restoring vision in blind patients [55]. Optogenetics even has uses
outside of neuroscience, where it has been used for example to precisely control
the beating of the heart by stimulating cardiomyocytes [56] and for blocking
tumour development [57]. Comprehensive information on optogenetics can be
found in books by Yawo et al. [58], Kianianmomeni [59] and others [60,61] and a

review by Yizhar et al. [15].

A

o)
@]

Electrical excitation Optical excitation Optical inhibition

o
L
-
[}
=
o

ellow LED

[0
e,
=
O
2
0]

A

_ “Nommmmm—

/' AN

Figure 2.6:
Electrical and optogenetic neural modulation; neuronl expresses Chan-
nelrhodopsin, neuron 2 expresses Halorhodopsin, neuron 3 has not been trans-
fected; A) Electrical stimulation evokes action potentials in all neurons close to
the electrode; B) Optogenetic stimulation using a blue light source selectively
activates neuron 1, other neurons fire spontaneously; C) Optogenetic stimula-
tion using a yellow light source selectively silences neuron 2, other neurons fire
spontaneously
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2.2.1 Opsins

As mentioned before, optogenetic constructs have been found that can take
both roles of neurotransmitters: they can evoke action potentials (excitatory,
see Figure 2.2B) or inhibit them. The most common light sensitive proteins
are Channelrhodopsin, which can evoke neuronal activity if excited at ~450 nm
and Halorhodopsin, which can suppress neuronal activity if excited at ~580 nm.
Figure 2.7 illustrates the function of the two opsins. As demonstrated for example

by Zhang et al. [62], they can be used in parallel for advanced circuit analysis.

This field is advancing rapidly, with many new opsins being identified /created.
Research is focused mainly on the following parameters (among others [63]). First
of all, the light-sensitivity should be high, so that significant neuronal currents can
be generated with low levels of light. This also means that low power devices can
be used for activation, leading to less power being converted to heat. Secondly, the
peak activation wavelength and the deactivation time constant are important. It is
desirable to find opsins that are activated by red light, since the attenuation length
is longer in this region [64]. Especially when used for neural circuit analysis, where
neural modulation at the level of individual spikes is necessary, the deactivation
time constant should be small. In certain behavioural experiments, on the other

hand, step opsins can be useful. They remain active after an initial exposure to
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Figure 2.7:
Optogenetic constructs; A)ChR2 (excitatory); B)NpHR (inhibitory),
C) Absorption spectra of ChR2 and NpHR (adapted from Zhang et al. [62])
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light. When several opsins are to be used in parallel, sharp and non-overlapping
activation wavelength profiles are key. Some optogenetic constructs are mentioned
below. There are many others and more detailed overviews have been given, e.g.

by Wietek and Prigge [59, pp. 141-166] and Yizhar et al. [15].

2.2.1.1 Opsins for Excitation

The most widely used excitatory opsin is the cation-conducting channel chan-
nelrhodopsin 2 (ChR2) [14]. It offers off-kinetics of 10 ms and moderate pho-
tocurrents. Important advancements have been made by engineering ChR2 to
possess better kinetics, and become more sensitive to longer wavelengths. The
variant used in this work with a peak absorption at 450 nm is called H134R. It
has slightly slower off-kinetics (18 ms) but on the plus side it has a lower desensit-
isation (decrease in response following continued strong illumination) and its light
sensitivity is increased slightly [65]. An important new variant called Chronos
has a very short deactivation time constant of ~3 ms and can therefore drive spikes
with light pulsed up to 60 Hz. Also its light sensitivity is between one and two
orders of magnitude higher than that of ChR2 [66]. Another variant is called
Chrimson. Its benefit is that it shows a far red-shifted absorption spectrum
(peak at 590 nm), allowing neurons to be activated using short pulses (5ms) at
625nm [66]. An example of a blue shifted (peak at 437 nm) variant is PsChR [67].
C1V1 is a popular variant that is excitable by yellow light (540 nm). It also shows
a high two-photon cross section [22]. A class of opsins called step function

rhodopsins have a prolonged open state of several seconds to minutes [68].

2.2.1.2 Opsins for Inhibition

Optimized versions of the light-driven inward Cl~ pump halorhodopsin [69]
(NpHR) and the light-driven outward proton pump archaerhodopsin are the
most prominent of the inhibiting opsins. NpHR currently exists in its third
generation. Its peak absorption is at 590 nm (yellow-red) and its off-kinetics are fast
(4.2ms) [70]. The two popular archaerhodopsin variants are the green-responsive
Arch from Halorubrum sodomense [71] and ArchT from Halorubrum genus [72],

where ArchT has improved (> 3-fold) light-sensitivity. In both cases the peak
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absorption is in the green/yellow (566 nm) and the deactivation time constant
is 9ms. The red-shifted rhodopsin Jaws is an inward Cl~ pump that shows
photocurrents that are three times those of the previously mentioned silencers (at
5mW/mm? irradiance) [73]. Light-gated anion channel rhodopsins (ACRs) are a
promising tool that could replace NpHR and Arch as the standard for inhibition
[74-76]. They transport many charges per photocycle and therefore require less
light. Examples include the constructs slow ChloC and fast ChloC [75], where
slow ChloC in particular is highly light-sensitive (irradiance ~0.1 mW/mm?). However,
temporal resolution is low, with required illumination periods of 12 seconds. This
problem is being addressed as the construct GtACR2 shows [76]. It has a
peak absorption at 470nm, a decay time constant of 0.04s, and a very high
light-sensitivity (irradiance ~0.001 mW/mm?).

2.2.1.3 Opsin Expression

Subsets of neurons can be made light-sensitive using one of several approaches
[77,78]. The first option is viral infection, most importantly using the the small
(20nm) adeno-associated virus (AAV) carrying the optogenetic construct. In its
simplest form, this leads to the transfection of neural populations that are defined
by their location around the injection site. Drawbacks are tissue damage from
the injection and toxicity during long-term experiments. By coating the viruses
with certain proteins, they can also be forced to transfect only certain cell types
or enter through defined subcellular compartments. Another option for advanced
targeting makes use of the capability of certain virus combinations to transport
optogenetic constructs across exactly one synapse [79]. By making the expression
of the opsin dependent on the presence of so-called site-specific recombinases
(most importantly Cre-recombinase), virus targeting can also be based on the
genetic identity of a neural population, thereby only affecting a defined subclass
or subtype. For many cellular phenotypes a unique gene expression pattern can
be identified [80,81]. The recombinases can be introduced through transgenic
animal lines (animals that had a foreign gene deliberately inserted into their

genome) [82]. To avoid the use of viruses, opsin expression can also be achieved by
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crossing a transgenic animal carrying the optogenetic construct with a transgenic
animal carrying a site-specific recombinase [83]. This is also the technique used
in this work. All the described methods can be used to make relatively large
populations light-sensitive. For targeting individual neurons, on the other hand,
the technique of electroporation can be used. This technique uses a micropipette
placed in close proximity to the neuron, which can then apply trains of negative
voltage pulses (e.g. -12V) to temporarily make the cell membrane permeable for

transfection [84].

2.2.2 Alternative Methods

Other approaches exist for enhancing the properties of nerve cells using genetic
modifications. These include chemogenetics [85], sonogenetics [86] and mag-
netogenetics [87]. Chemogenetics utilises genetically engineered receptors that
selectively interact with small molecules injected into the brain. The benefit is,
that no further energy delivery is needed during the experiment. The technique is
therefore also non-invasive. On the downside, the technique can only be used to
modulate neural firing over the course of minutes or hours and cannot provide the
temporal resolution necessary for the analysis of neural microcircuits. Sonogenet-
ics uses low-pressure ultrasound that can be transduced into mechanical energy
by gas-filled microbubbles to stimulate neurons by opening mechanosensitive
channels. This non-invasive technique could potentially be used to overcome the
problem of light delivery into the brain. However, high spatial resolution remains
a difficulty. Currently volumes of a few millimetres in size can be targeted. The
resolution can be improved by increasing the frequency, but this comes at the cost
of penetration depth. Magnetogenetics is another approach, where neural activity
is modulated by magnetic fields. The underlying mechanisms, however, are not
well understood [88]. Reviews on the available techniques are available e.g. from

Rajasethupathy et al. [89] and Park and Carmel [90].
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2.3 Neural Recording

For optogenetics to be useful, there always needs to be a means of observing
the changes that it causes. The most obvious change is a certain behaviour
change of an alive animal during an experiment. This can be assessed without
further equipment. If neuronal correlates of such behaviours are to be studied, or
perhaps just the circuit responses without behaviour being considered, further
equipment is needed. Examples of this include functional magnetic resonance
imaging (fMRI), fluorescent activity indicators and electrical recording.
fMRI lacks spatiotemporal precision for circuit analysis at the neuronal level,
leaving optical methods and electrophysiology — described separately in the
following sections. Several future directions for scalable high-resolution recording

are outlined in Marblestone et al. [91].

2.3.1 Optical Methods

Fluorescent probes are a means to report the microenvironment within a neuron
or neural compartment. There is a substantial community developing these
constructs and doing very significant work. A big interest lies in using microscopy
and either Ca®" indicators [92-94] (or H" or Cl~ indicators [58, pp. 133-
147]) or voltage sensitive dyes (VSD) [95-98] for neural recording. These can
be genetically encoded and offer big advantages, such as large scale recordings
at a single cell resolution. However, Ca*" indicators are slow (~50-1000ms),
making the detection of single action impossible. The magnitude of Ca?* influx
also varies between individual cells. Voltage indicators, which have also long
been too slow and even cytotoxic, have recently been engineered to allow a
temporal resolution of 0.2ms [99], offering an alternative to electrical recording.
Many invivo experiments, however, are hard to perform. Special miniature
microscope setups [100,101] are needed. The maximum depth that can be probed
is also strongly limited by absorption and scattering in the brain (extendible

using multiphoton techniques [102], but only to around 1.6mm in the most
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sophisticated of cases). Making neural tissue transparent is now a possibility
exvivo [103-105], but only once the tissue is dead. Electrophysiology, combined
with suitable implantable probes, is the standard method of choice here and will

be covered in the next section.

2.3.2 Electrophysiology

Electrophysiology is an important method for recording from single neurons [106]
and it is used throughout this work. For this, good contact has to be made with
the neurons using micron-scale electrodes. The brain/electrode interface should
have a large surface area to minimize the electrode’s electrical impedance. Typical
values for small (5 pm-diameter) electrodes are between 200 kS2 (good) and 600 k<2
for an extracellular electrode. Low impedances for good recording can be achieved
by electroplating [107] a metal such as platinum [108] (Pt) at a large current
density such that it gives a very rough surface, which leads to a large contact area
at the interface. Other common materials include titanium nitride [109] (TiN),
iridium oxide [109] (IrO,), and the transparent polymer PEDOT [110]. Some
exotic examples are carbon nanotubes [111,112], graphene [113] and boron-doped

diamond [114].

The impedance of the recording system is frequency-dependent. Since the duration
of an action potential is about 1 ms, the critical frequency when evaluating electrode
impedances is around 1kHz. Figure 2.8 shows the experimental setup and theory
behind measuring electrode impedances. As panel A shows, a chamber is glued
onto the electrode array and filled with physiological NaCl-solution. A counter
electrode made of the same material as the electrode to be tested (e.g. platinum)
is immersed in the solution. Contact is made with the bond pad of the array and
a frequency sweep is carried out using an LCR meter recording the impedance

spectrum.

A simplified equivalent circuit representing the neural interface consists of a
capacitor and a resistor in parallel and a series resistor (simplified Randles cell [115],
panel B). The shape of the recorded impedance curve (panel C) over the frequency

(f) spectrum can be explained by analysing the circuit. The impedance of the
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Figure 2.8:
Brain-electrode interface; A)Impedance measurement setup (especially for
invitro MEAs); B) Equivalent circuit of the metal-electrolyte interface; C) Shape

of an impedance curve of a micro-electrode

capacitor, Z¢., is equal to

1
Zo. = 2.1
e 2.1)
with w = 27 f and the impedance of the parallel resistor, Zp,, is equal to
ZRt — Rt . (22)
The combined impedance of the parallel circuit, Z), can be calculated as
1 1
— =+ 'wCi 2.3
Z (2.3)

and the total impedance, Zru.1, is the parallel circuit impedance plus the series

resistance, Ry, with the following limits:
ZTotal = Z|| + Ry )
(2.4)

lim ZTotal = Rt + Rs lim ZTotal = Rs .
w—0 Ww—00
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2.3.3 Data Analysis

Data obtained from electrophysiological recordings is not directly useful for neural
circuit analysis, since each electrode of the array records from a group of neurons.
Local field potentials and current source density analyses are methods to examine
neural population activity and these specific techniques will be described in more
detail when needed (section 5.3). What is needed for an exact analysis of neural
circuits are the spike waveforms generated from individual neurons. Obtaining
this data is not an easy task, but a series of techniques have been developed
over the years to facilitate this [116]. The steps used for the data analysis in
this work are outlined in Figure 2.9. After a raw data noise evaluation has
been carried out (panel A), a spike finding algorithm (panel B) is run to identify
spikes that temporarily cross a threshold, which is set to be a multiple of the
identified noise (usually 3-5). The spikes are then clustered using a (typically)
five-dimensional principle component analysis [117] (PCA, panel C). This is

A noise evaluation B spike finding C PCA

PC24

D PCA clustering E neuron cleaning F electrical image

Figure 2.9:

Electrophysiological data analysis steps; A) Raw data noise evaluation; an RMS
value is calculated, which can then be used to set a threshold for spike identi-
fication; B) Spike finding; spikes are identified using a user-defined threshold;
C) Principle component analysis; relevant features of the spike shapes are extrac-
ted and the principle components are identified; D) PCA neuron finding; point
clusters in PCA space are identified, belonging to the same neuron; E) Neuron
cleaning; F) Electrophysiological imaging
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a method commonly used to structure, simplify and visualize large datasets by
approximating a large number of statistical variables by a much lower number
of meaningful linear combinations (the principal components). The basis for the
analysis (in the case of hexagonal arrays) are 182-dimensional vectors consisting
of all analogue data points from 0.5 ms before the spike to 0.8 ms after the spike

from the electrode with the highest detected peak and its six neighbours.

Each vector corresponds to one spike. The length of each vector in the first of its
182 dimensions is the respective recorded voltage on the central electrode at 0.5 ms
before the spike. The length in the second dimension is the respective recorded
voltage on the same electrode at 0.45ms before the spike, and so on (sampling
rate of 20 kHz). Finally, the length of each vector in the 182"¢ dimension is the
respective recorded voltage on the 6" neighbouring electrode at 0.8 ms after the

spike.

The principal component analysis now fits a 182-dimensional ellipsoid to the data
points from all recorded spikes in 182-dimensional space. Each axis of the ellipsoid
represents a principal component and the first principal component is set up to
contain the largest possible variance in the data. Each following component has
the highest possible variance while being orthogonal to all preceding components.
Using this technique, individual neurons are usually clearly detectable in the first

dimensions of the newly created coordinate system.

Clusters are then identified in PCA space (PCA clustering, panelD). The
quality of this can be optimized by fine-tuning certain parameters: bins per
dimension, clustering significance and min/max number of clusters. The next
step is called neuron cleaning (panel E). The role of this step is to test for
distinct neurons accidentally clustered together. The way this is done is by
checking for spikes that immediately follow another spike (low inter-spike interval).
Since this is physiologically impossible (refractory period), such neurons are

neglected. Finally, electrophysiological imaging can be carried out (panel F).
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The maximum signal amplitude recorded by each electrode can be plotted to
show the approximate position of the neurons and the direction and velocity of
signal propagation. Smooth spike waveforms for each neuron and electrode can

be obtained by averaging over all spikes.

A software tool used in this work, employing this analysis framework, is called
Vision. It was written in Java and first developed at the University of California
at Santa Cruz over a decade ago [118]. Further analysis can be done using Matlab,
which can interface with Java, making it relatively easy to import the data. A
tool called Cell Finder allows manual reclustering in case the automated process

was unsuccessful in detecting and separating the neurons. This process still needs

to be checked by hand.

2.4 LED Light Sources

The first important element of applied optogenetics is the targeted genetic modi-
fication of certain neurons to make them light-sensitive. The second important
element is light-delivery into the brain. For this, several technologies currently
exist. As light emitting diodes (LEDs) are becoming more powerful, they not
only continue to replace conventional technologies in various lighting applications,
but also offer a compact and low cost alternative to conventional lasers-based
light sources for optogenetics. The history of the LED [119, p. 10] dates back
to the year 1907, but a practical device emitting in the visible (red) was only
built in 1962. First applications included indicator lights and small calculator
displays. A lot of effort was since put into broadening the available spectrum
and blue emission proved particularly difficult to achieve due to high dislocation
defect densities, difficulties in p-type doping, and cracking due to strain. The first
such device based on InGaN was finally produced in 1994 by Shuji Nakamura, for
which he received the 2014 Noble price in physics (with I. Akasaki and H. Amano).
After decades of work it is now possible to build LEDs covering wavelengths in
and beyond the visible spectrum using different materials and their alloys: InGaN
for ultraviolet, blue and green, GaP for green and yellow, AlGalnP for yellow,

orange and red and AlGaAs for red and infrared [120].
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Light emitting diodes work on the principle of injection electroluminescence, which
is the inverse mechanism of photodetectors and solar cells [121]. Likewise, they are
made from semiconductors, which besides conductors and insulators represent
one class of materials with respect to their electrical conductivity. While each
material possesses certain energy levels, that electrons can occupy, known as
conduction bands and valence bands, these bands only overlap for conductors, but
are separated by a band gap, E,, in the case of insulators and semiconductors.
In semiconductors, the bandgap is small, which means that conduction can be
achieved easily by exciting electrons to energy levels in the conduction band. The
importance of the band gap in LEDs is that it defines the colour (wavelength) of
the emitted light by the relationship

E,=E—~FE, ~ ~—. (2.5)

Here, h represents Planck’s constant, E, and FE, are the energies of the valence and
the conduction band, respectively, c is the speed of light and X is the wavelength of
the emitted photon. The semiconductor gallium nitride (GalN) has a bandgap of
3.4€V, which corresponds to a wavelength of 366 nm [122]. The physical principle
underlying radiative emission is that electrons in the conduction band can fall into
the valence band and recombine with free holes, releasing energy. This energy can
be emitted in the form of light and heat, where heat — generated during indirect
band transitions through momentum transfer (Ak # 0, Figure 2.10 A, right) — is

an unwanted phenomenon.

In the simplest LED devices, recombination and light emission happens at the
interface of two regions in a material of different electron and hole concentration,
induced by doping (introducing impurities). These devices are called p-n homo-
junctions. When no external voltage is applied across such a junction, electrons
can diffuse across and recombine with holes until a space charge builds up, inhib-
iting further electron transfer (Figure 2.10 B, top). If a voltage is now applied in
the forward direction (Figure 2.10 B, bottom), the force of the electric field helps

the electrons overcome the barrier. Current flows, charge carriers can recombine
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Figure 2.10:
LED working principles; A) Electronic band structure of two semiconductors;
left: direct band gap, right: indirect band gap; B) Charge carrier concentrations
and energies (adapted from Schubert [123]) in a p-n homojunction under zero
bias (top) and forward bias (bottom); C) Example of a MQW LED structure
with its associated band diagram (simplified, after Saleh and Teich [120]);

Y

D) GaN-on-Si LED structure of the devices fabricated in this work (epilayers
patterned and contacted)

and light is generated. The resulting relationship between current I and voltage
V' does not follow Ohm’s law (I = V/R) like in resistors. Instead, LEDs show an
exponential current-voltage relationship, which can be described by the Shockley
diode equation [124] with the reverse saturation current I, the elementary

charge e, the Boltzmann constant k£, and the thermodynamic temperature 7"

I=1, (exp (%) — 1) : (2.6)
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An important performance measures of high power LEDs is the internal quantum
efficiency — the ratio of photons emitted by the active region per charge carrier
injected, ideally equal to one. The second important measure is the external
quantum efficiency, which is the ratio of photons emitted into free space per
charge carrier injected. Since not all photons can escape the active region, this
parameter is lower by a factor called the extraction efficiency. A crucial optical
characteristic of light sources for optogenetics is the irradiance they can produce.
This is measured in watts per square meter of incident surface and at the LED
surface it is equal to the total optical power divided by the LED’s surface area.
The photometric unit corresponding to this radiometric unit is called illuminance

(measured in m/m2).

Improvements in LED efficiency can be made by introducing multiple quantum
well (MQW) structures (a type of p-n heterojunction). These are thin layers of a
material of relatively small bandgap sandwiched between layers of a material of
larger bandgap. MQWs increase the probability of radiative recombination of the
injected electrons and holes by trapping them in the active region (Figure 2.10 C).
MQWs have discrete energy levels that can be approximated by the Schrodinger
equation if their thicknesses is below the de Broglie wavelength of an electron. The
quantum well material used in this work is indium gallium nitride (InGaNlN). This
ternary material allows tuning of the LED’s emission wavelength over a broad
range between 366 nm (pure GaN) and 1.61 pm (pure InN) by varying the material
concentrations [120, p. 700]. All efficient blue LEDs today rely on at least one

InGaN quantum well layer.

Traditionally, GaN LEDs were grown on sapphire substrates. The large lattice
mismatch of 17 % and the difference in thermal expansion coefficients of 46 % made
it difficult to use silicon, the otherwise standard semiconductor substrate. These
problems were overcome recently, allowing the exploitation of silicon’s advantages:
it is cheaper, has a higher thermal conductivity (improving efficiency) and it is
not brittle and therefore easier to process. Furthermore, the use of silicon allows
taking advantage of decades of microfabrication research and potentially the use

of silicon foundries that allow up-scaling of fabrication runs.
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Growing MQW LEDs on silicon involves the formation of a layer stack such
as the one shown in Figure 2.10D (more information in Zhu et al. [125,126]).
In this work the composition is the following. On the Si substrate (675pm
thick) an Al1(Ga)N buffer layer (~800 nm thick) is created for stress control (by
continuously grading the Al-content). An undoped layer (Nid-GaN, ~400 nm
thick) functions as another buffer layer for improving the crystal quality of the
following layers. A Si-doped GaN layer (~1100 nm thick) is grown, acting as the
n-type semiconductor, followed by the quantum well structure (6 X InGalN-GaN
MQW region , ~120 nm in total thickness). An electron blocking layer (EBL)
is created from Mg-doped AlGaN (~20nm thick). This layer has an increased
bandgap, preventing energetic electrons from escaping the MQW region and
thereby increasing carrier density and recombination rate. Finally, the top layer

is made from Mg-doped GalN (~85nm thick) — the p-type semiconductor.

When fabricating LEDs, attention must be paid to the electrical contacting of
the semiconductor. The metal/semiconductor contact can be either Ohmic or
diode-like (Schottky contact). For the desired formation of an Ohmic contact,
the Schottky barrier height has to be zero or negative, which means that at the
n-contact the work function of the metal must be close to or smaller than the
electron affinity of the semiconductor (GaN: 4.1eV [122]) and at the p-contact
the work function of the metal must be close to or larger than the sum of the
electron affinity and the bandgap energy (GaN: 4.1 + 3.4 = 7.5¢V [122]). Due to
the high bandgap energy of GaN the choice of materials for the p-contact is very
limited (commonly used: Au, Ti, Pt, Pd, Ni and Cr [127]). An annealing step is
required to form the ohmic contact between the metal and the p-GaN through
interfacial reactions [128,129]. The n-contact on the other hand can be created
easily and without annealing using many metals (e.g. Ti/Al) after exposing the
n-semiconductor by etching. For further information on LED working principles,

refer to Saleh and Teich [120] and others [119,121,123].
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Regarding LEDs, there are different options for designing stimulating devices
for optogenetics. Firstly, they can be used to replace lasers in fibre optic setups.
High intensity LEDs for this purpose are commercially available (e.g. from
Mightex [130] or Prizmatix [131]). However, LEDs can be made in any shape
and size and can therefore also be implanted directly into the brain. For some
time this approach was not adopted because of the heating of the tissue that
might result, but simulations and first experiments at the Institute of Photonics
show that heating can be kept within safe levels [132,133]. Some first examples
of realized implantable LED probes are shown in section 2.5. A review on optical

techniques in optogenetics is given by Mohanty and Lakshminarayananan [134].

2.5 Devices for Probing Neural Circuits

The brain is a complex network of very densely packed cells. In order to selectively
stimulate it or record from it, a probe has to be brought close to the region of
interest. Over the years many probes have been engineered for this purpose by
different groups. In addition to the very basic microwires and arrays of the same,
two paradigms in terms of microfabrication have been used over and over again,
namely Michigan-style (based on K. Wise et al. [135]) and Utah-style arrays (based
on R. Normann et al. [136]). Their respective designs are shown in Figure 2.11.
Until recently, devices relying on these concepts were mainly electrode arrays for
neural recording/stimulation, but the same concepts can also be used for optical
stimulation. The following sections will introduce some key devices from the two
categories (and some other approaches for implantable probes), starting with
pure optical stimulation and electrical recording and finishing with an overview of

integrated devices.

2.5.1 Optical Stimulation

A wide variety of probes for optical stimulation have recently been developed
using several approaches for light-delivery. pLED arrays have so far been used
mainly for spatially precise surface illumination invitro [137-139], with OLEDs

being investigated as a possible alternative [140-142]. OLEDs generally have
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Figure 2.11:
Manufacturing approaches for implantable neural probes; A) Michigan-style
array (2D chips, stackable); B) Utah-style array (fundamentally 3D)

a lower light output, but can still provide irradiances sufficient for optogenetic
stimulation, depending on the application. Conventional approaches for in vivo
optogenetics, on the other hand, utilise lasers and (non-penetrating) optical fibres
to deliver light to the brain areas of interest. Two-photon techniques can also
be used to achieve neural activation at increased resolution [143] and up to a
depth of ~1 mm. Problems that exist with this method are the targeting of deeper
brain regions (due to the attenuation of the light) and spatially precise targeting.
Figure 2.12 gives an overview of advanced devices that are aimed to address this
issue among others. Deeper brain structures can be reached using penetrating
optical fibres, as shown in panel A. Recently, small LED light sources have also
been used with this setup (panel B, also 3x3 arrays [161]). LEDs allow for compact
and even tetherless devices. There has been resistance to direct implantation
due to concerns over thermal issues, but recently groups started experimenting
with implanted light sources in direct contact with the tissue allowing patterned
stimulation of deep brain regions. Advantages included better scalability and the
absence of coupling and transmission losses through optical fibres. Panels C-E
show wireless devices with LEDs in direct tissue contact, respectively using one,
four (parallel), and two individually addressable LEDs. Probe E contains more
than one LED, but the shank is very invasive (700 pm shank width). Panel F
shows a tethered device that is slightly more compact (400 pm shank width).
Despite these developments, it is still challenging to induce rich spatiotemporal
patterns of population activity at depth in vivo. So far, higher integration has

been achieved mainly using lasers. The device shown in panel G uses six optical
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Figure 2.12:

Overview of devices for optogenetic stimulation; A) Optical fibre stimulation
[144,145]; B) Miniature fibre-coupled wireless deep-Brain stimulator [146] (board
not shown); C) Fully implantable wireless device using a commercial pLED
[147]; D) Soft, stretchable, fully implantable, miniaturized and wireless system
including several parallel transfer-printed LEDs (single channel) [132,148,149];
E) Wireless system for deep brain stimulation (two LEDs spaced at 4 mm) [150];
F) Probe containing two individually-addressable transfer-printed pLEDs [151];
G) Multi-waveguide probe using LEDs [152]; H) Utah-style glass waveguide
array [153] I)3D multi-waveguide array [154, 155]; J)Multipoint-emitting
optical fibre [156, 157]; K) GaN-based pLED arrays on flexible substrates
for optical cochlear implants [158,159]; L) Sapphire-based micro-scale LED
probe [133,160]

fibres (~70 pm diameter) coupled to laser sources and the device shown in panel H
extends this approach to two dimensions. Impressive three dimensional arrays
have been created using waveguide probes (panell). These devices use a laser
that is either scanned or deflected by a digital micromirror device to target one
or several of 192 (6x8x4) illumination sites. As opposed to scanning lasers,

arrays of small laser diodes for coupling light in to the waveguides have also been

32



2.5 Neural Probes

discussed. This would dramatically reduce the complexity of the setup [154].
Wavelength-division multiplexing can also be used to couple light in to individual
waveguides by slightly varying the wavelength of a single light source, which
in return can be fixed in position [162]. Another approach to obtain multiple
stimulation sites on a single shank is shown in panel J. Optic fibres with openings
in its cladding can be used for selection and manipulation of propagating and
evanescent modes. All these are promising approaches that have demonstrated the
benefits of spatiotemporal optogenetics at depth. However, they employ expensive
and bulky light sources where the complexity of the optical setup becomes an
issue as they are scaled up to multiple stimulation sites, making exploitation by
the neuroscience community difficult. Microscale light-emitting diodes (nLLEDs)
offer a solution to this problem. One example for this is a probe developed as
an optogenetic prosthesis for patients with hearing loss. The device includes
three channels, each consisting of five LEDs in parallel (panel K). A solution for
the brain is shown in panel L. The sapphire-based nLED probe was shown to
activate neurons inwvivo [160]. However, the problem with this device is that
sapphire cannot be reliably thinned beyond 100 pm making the probe invasive and
susceptible to inducing damage in the surrounding neural tissue. This provides
motivation for minimally invasive neural probes capable of delivering patterns of

light to deep brain regions with high-density.

2.5.2 Electrical Recording

Various electrode arrays have been developed for in vitro recording from the retina
or brain slices (Figure 2.13), which can survive ez vivo for several hours under the
right conditions [163]. Planar arrays constitute one class of devices. These have
been developed using different electrode arrangements (e.g. Figure 2.13 A). One way
to further scale up this approach is by using integrated CMOS circuitry [164,165].
Commercial products using 4225 electrodes with a 16 pm pitch are available
from Multi Channel Systems GmbH, Germany [166]. The disadvantage when

used for retinal studies is the highly reflective substrate, which can make precise
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stimulation difficult. Three dimensional electrode structures have also been used
invitro (Figure 2.13 B). These designs help improve the contact with the neurons
or they allow contacting of deeper layers that have suffered less damage from

slicing [167]. A detailed overview is given by Spira and Hai [168|.

Figure 2.14 shows various devices for invivo recording. These devices can be
rigid or flexible with advantages on both sides. Rigid devices can be made very
small and are usually easier to implant, whereas flexible devices may be more
biocompatible since the mechanical properties more closely match those of the
neural tissue. The most basic electrodes are microwires. They can be used
individually or stacked in two or three dimensions to cover relatively large brain
areas (panel A). In a miniaturized form they can be used to record from individual
neurons intracellularly (panel B). Using standard microfabrication techniques,
multiple electrodes can be created on one shank (“Michigan array”, panel C).
NeuroNexus is a commercial manufacturer of such multichannel recording needle
probes [170]. The alternative fabrication paradigm (“Utah array”) is similar to that
of micro-electrocorticography (nECoG) arrays (example in panel D). By producing
needle structures, the electrodes are offset from the surface and can penetrate
the tissue (panel E). Each needle contains exactly one electrode. Nanofabrication

can be used to massively reduce the pitch (to 2pm, panel F), flexible options

A

Figure 2.13:
Devices for electrophysiological recording in vitro, interface made from platinum
black; A) Transparent (ITO on glass), planar 512 electrode array with 60 pm
electrode pitch (from Mathieson et al. [169]), single electroplated electrode
in detail; B) Needle array of 61 electrodes with 60 um pitch (from Gunning
et al. [167]), single electroplated electrode in detail
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exist [171], and Utah-style arrays have also been equipped with a wireless option
(panel G). An alternative method for creating three-dimensional arrays is stacking
of Michigan-style probes (panel H). These setups can be further extended with a
double-sided option (panelI). Using high-resolution fabrication techniques, narrow
traces can be created leading to very high electrode counts of 16 (x6 shanks),
32 (x8 shanks), 64 (x1 shank), and even 1000 (panels J-M), which can facilitate
spike sorting. When using a multi-layer fabrication process, the feature size can
be larger, while keeping the same number of electrodes. This can be particularly
useful on flexible substrates (panel N). Very high electrode counts can also be
achieved by integrating CMOS circuitry into the probe shank (always addressing a
defined subset of electrodes, panel O). Atlas Neuroengineering [172] is a company
focusing on such active probes [173]. Drawbacks are the increased fabrication
cost, crosstalk and the need for improved encapsulation for long-term stability
of the implanted electronics. Other approaches exist, e.g. syringe-injectable
nano-meshes [174]. More information on in vivo microelectrodes can be found in
reviews, e.g. by Jorfi et al. [175], and a book (on neural ensemble recording) by

Nicolelis [176].
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mm

Figure 2.14:
Overview of devices for electrophysiological recording in vivo; A) Array of mi-
crowires (50 pm-diameter, Teflon®-coated) stacked in 3D [177]; B) Intracellular
pure carbon nanotube probe (5-10pm-diameter, parylene-coated) [178];
C) Four-channel linear probe (“Michigan array”) [179,180] D) Flexible, actively
multiplexed 360 electrode ECoG array [181]; E) Array of 100 electrodes (“Utah
array”) [182]; F) Vertical nanowire electrode array [183]; G) Wireless interface
for chronic recording [184]; H) 8x16 shank 3D Michigan-style array (four sites
per shank) [185]; I) 3D dual-side array [186]; J) Six-shank, 96-site probe [187];
K) 256-channel probe [188]; L) Multiplexed, nanofabricated (290 nm-traces),
high-density array [189]; M) Nanofabricated (200 nm-traces) 1000-site single-
shank probe [190]; IN) 16-channel probe on a flexible substrate, fabricated using
a two-layer process [191]; O) CMOS-based probe with 752 recording sites [192];
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2.5.3 Integrated Devices

Several groups have been working on creating devices that integrate optical
stimulation and electrical recording in one device in recent years. There are
various approaches for fabricating such compact probes and an overview of recent
accomplishments is given in Figure 2.15. First devices used an optical fibre
coated with a conducting material (exposed at the tip) to be able to record from
stimulated neurons (panel A). A more exotic device design makes use of thermal
drawing (transforming a preform into a microfibre through heat and stress) to
directly incorporate electrodes into the thin optical fibre. This makes it possible
to have tens of recording sites (panel B). Microfabrication-based devices often
include waveguides (e.g. from SU-8™) on a linear recording array. The device
shown in panel C additionally includes a microfluidic channel for drug delivery.
Other groups managed to miniaturize the basic setup by employing oxynitride
waveguides on 8-channel recording probes (panel D). Multi-shank probes have been
created with three electrodes and one waveguide per shank (panel E). Multiple
Si,N, waveguides have been created on a single-shank probe together with high
numbers of electrodes (panel F: 2 waveguides, 64 electrodes, panel G: 12 waveguides,
24 electrodes using a 193 nm process). Multi-shank, multi-waveguide probes have
also been realized (panel H:2 waveguides, 8 electrodes per shank). Integrated
probes using LEDs as light sources include the probe shown in panell. This
very invasive piece is fabricated on a diamond substrate, showing good thermal
properties. Recently, a four-shank device has been fabricated combining 3 LEDs
(covering 150 pm)and 8 electrodes per shank (panel J). The low power consumption
results in a minimal temperature increase. In addition to recording artefacts due
to the Becquerel effect, capacitive coupling between the tracks in such highly
integrated devices leads to artefacts when switching the LED power on and off.
These have to be removed by post-processing. Integrated Utah-style arrays are
also researched. In one instance a single tapered optical fibre was included in the
middle of a standard recording array (panel K). Large LED arrays for in vitro use

(as mentioned in section 2.5.1) have already been integrated with planar recording
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arrays [139]. Utah-style in vivo devices are less common, but one example is shown
in panel L. Development started with planar arrays [209] now the design includes
SU-8™ needles with a conductive cladding for recording. Light from one LED is
coupled in to each needle, yielding 32 (4x4x2) integrated sites. The needle pitch
has been further reduced to 400 pm by another group (panel M) but instead of
LEDs, their device relies on a scanning laser. Microendoscopy setups are another
approach for combined lateral stimulation and recording. They provide unrivalled
resolution, as shown in panel N. What becomes apparent from this multitude of
devices being developed by different groups is the high demand for these advanced
probes, which have been briefly summarized here. Further reviews on integrated

devices are also available in the literature [210-213].
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Figure 2.15:

Overview of devices for integrated optogenetic stimulation and electrophysiolo-
gical recording; A) Coaxial optrode (single-site) [193]; B) Thermally drawn mul-
tifunctional fibres [194]; C) Polymer-based implant incorporating a waveguide, a
fluidic channel and nine recording sites [195]; D) Recording probe with monolith-
ically integrated dielectric waveguide [196]; E) 3D probe (recessed waveguide)
with one integrated fibre per shank [197]; F') High-density optrode with two wave-
guides [198]; G) High-Density optrode-electrode probe using waveguides [199];
H) Dual-shank double-waveguide probe [200]; I) Diamond-based probe with one
LED and two electrodes per shank [201]; J) Four-shank integrated GaN-on-Si
probe with eight electrodes and three LEDs per shank [202]; K) Single wave-
guide integrated with Utah-style recording array [203,204]; L) Slanted optrode
array using pLEDs and waveguides [205,206]; M) Transparent intracortical ar-
ray (for use with external light source) [207] IN) High-resolution fibre/electrode
bundles [208]
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2.6 Conclusion

This chapter covered basics of neurons, neuronal signalling and neural systems.
Methods for stimulation and recording from these systems were introduced. Op-
togenetics was described as an important method for selective neural modulation
with help from suitable light sources. A range of devices allowing optical stimula-
tion and electrophysiological recording have been described. Although some of
the implantable devices allow depth-dependent neural modulation, they are still
limited. The waveguide probes require bulky and expensive light sources and the
number of channels cannot be increased much further. Probes based on LEDs
are an alternative, but the spatial resolution of probes employing commercial
LEDs is low. Thermal and mechanical damage also have to be addressed, which
will be done in the coming chapters. Since all the introduced devices incorporate
sophisticated technology on a very small scale, it is important to first understand
how they can be built. The next chapter will therefore introduce the concept of

microfabrication and describe its key techniques.
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3 Basics of Microfabrication

Microfabrication is a set of technique that is very important to this work. This
chapter will therefore briefly cover the various aspects and will direct the reader to
references for further information. More detailed information on microfabrication

in general can be found elsewhere [214-216].

Microfabrication makes use of batch processing to create hundreds to thousands
of identical devices on a substrate (usually silicon), known as a wafer. Wafers are
thin slices cut from single crystal ingots (drawn from a silicon melt). The following
fabrication steps are done on all devices at the same time. In the past decades
a set of methods has been developed that makes it possible to fabricate devices
with characteristic dimensions of less than 100 pm (microfabrication). The same
methods can also be applied to produce even smaller systems. Nanotechnology
starts with dimensions of 100 nm. As of 2016, chip designers can commercially
produce integrated circuits with minimum feature sizes of only 14 nm using highly
optimized processes based on the steps described in this chapter. A special
environment is required to produce such small devices without contamination. All
fabrication therefore takes place in a clean room containing orders of magnitude
less dust particles than normal air. The clean room used for the fabrication of the
devices described in this thesis, houses the tools shown in Figure 3.1. This chapter
will explain each one of them and their role in the microfabrication chain. An
important series of processes is known as photolithography and will be explained

next.
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Microfabrication
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Figure 3.1:

Tools used for the microfabrication in this work; A)Spin-coater (EMS,
Model 4000) for applying photoresist; B) Hotplate (EMS, Model 1001-1) for
photoresist baking; C) Mask aligner (SUSS MicroTec, MA6) for pattern transfer
to photoresist; D) Developer for selectively removing photoresist from an exposed
film; E) Sputter coater (CVC, Model 601) for metal deposition; F') Evaporator
(EDWARDS, AUTO 306) for thin metal deposition; G) PECVD (Oxford, Plas-
malab 80 Plus) for growth of insulating layers; H)Rapid thermal annealer
(Jipelec, JetFirst PROCESSOR) for Ohmic contact formation; I) RIE (Oxford,
Plasmalab 80 Plus) for dry etching of thin films; J) ICP (STS, Multiplex ICP)
for fast dry etching of thin films; K) Plasma asher (Matrix, SYSTEM ONE
Stripper) for removing photoresist and organic contaminants; L) Wire bonder
(K&S, Model 4526) for electrical connection to the macroworld; M) Parylene
coater (SCS, PDS 2010 LABCOTER™ 2) for conformal biocompatible encapsula-
tion; N) Stylus profilometer (Veeco, Dektak 3) for feature height measurements;
O) Ellipsometer (Filmetrics, F20) for film thickness measurements
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3.1 Photolithography

Photolithography is a key technique for creating microstructures. It is an optical
mechanism for transferring patterns from a photomask to a light-sensitive polymer
layer on a substrate by projection. The photomask is a square piece of glass
usually 5” (12.7cm) wide that is coated with chromium (it is itself created by

lithography, but the pattern transfer is done by a laser or an electron beam).

The photolithography steps usually include the following. Sample cleaning
is carried out to initially remove any surface contaminants and followed by
photoresist application, which is usually done using spin-coating. Spin coating
produces uniform layers of the light-sensitive polymer on the wafer with thicknesses
usually between several hundred nanometres and several microns. The thickness
can be adjusted by varying the spin speed, which is usually around several thousand
RPM (dip-coating and spray-coating are alternative methods for rough surface
geometries). Solvent remaining in the photoresist (PR) layer is evaporated in a
soft-bake step (several minutes on a hot plate at around 100°C). The wafer is
then ready for exposure. In this step, the photomask is precisely aligned with the
wafer using alignment marks. It is then brought in contact and UV light coming
from a mercury lamp is shone through the mask onto the resist (several seconds to
minutes depending on the resist used). A post-exposure-bake can be used to
smooth out optical interference effects. It is usually optional, except some resists
require it to complete polymerization. During development, the soluble areas of
the resist layer are removed with a developer solution (exposed sections in positive
resists and unexposed sections in negative resists, see Figure 3.2), followed by
rinsing with water. A hard-bake, as the name suggests, hardens the resist, which

makes it more durable for aggressive etch processes.

When fabricating devices with very small features (below 2 pm), optical steppers
are typically used for the pattern transfer [217]. These machines demagnify the
patterns on a photomask a certain number of times (e.g. 4x). Electron beam
lithography is another option [218]. It can create very small features (~10nm line

width) and uses a focussed beam of electrons to write the pattern directly into
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3.1 Photolithography

UVilight positive m
photong.ask photoresist s substrate

negative
photoresist ’ substrate
Figure 3.2:

Positive and negative types of photoresist; positive resist: exposed features
get removed during development, negative resist: exposed features remain
during development

substrate

a special resist. An additional advantage is that it makes photomasks obsolete.
However, due to the high cost of the slow process, electron beam lithography is
only an alternative when producing devices in small quantities. It is also possible
to skip the photoresist step by directly writing the pattern into the substrate

using a method known as focussed ion beam (FIB) [219].

Following the lithography, there are several approaches for transferring the pattern
from the photoresist to the substrate. The first approach is the selective removal
of material from a thin film layer through the resist mask. This can be done with
various methods of dry or wet etching (Figure 3.3 A). The mask is then removed
with a solvent (e.g. acetone/IPA) or by plasma ashing. Another method is to first
create the mask, then deposit a film, and selectively remove it with the mask in a
solvent (“lift-off”, Figure 3.3 B). Dedicated lift-off resists exist, that facilitate the

process by producing an undercut that prevents material depositing on sidewalls

A

B C
| substrate i substrate F substrate H
[ 1 ¢ [ 1 [ 1 ¢ [ 1 { 1 ¢ { 1

| | | | | |
N photoresist O patterned layer

Figure 3.3:
Microtechnological structuring mechanisms; A) Subtractive structuring by ma-
terial deposition followed by masking and etching; B) Additive structuring by
material deposition onto a masked substrate followed by selective removal in a
solvent (lift-off); C) Additive structuring by growing structures on a patterned
substrate (e.g. electroplating)
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3.2 Material Deposition

(promotes lift-off by producing a discontinuity in the metal film). Negative resists
also show this property, as do so-called image reversal resists that combine the
benefits of positive and negative resists. Alternatively to lift-off, the pattern can
be created by filling open areas in the resist using electroplating (Figure 3.3 C).

Material deposition will be further explained in the next section.

3.2 Material Deposition

Thin film deposition mechanisms can be classified as being either physical (e.g.
physical vapour deposition, PVD) or chemical (e.g. chemical vapour deposition,
CVD). Sputtering is a quick PVD method for a wide range of materials. For
the fabrication of the devices in this work, titanium, gold and aluminium were
deposited by sputtering, with titanium acting as an adhesion layer. Figure 3.4 A
illustrates the working principle: A target is bombarded with argon ions at low
pressure. The ejected atoms travel towards the substrate and get deposited as a
thin film. When RF-sputtering is used, even insulating materials can be deposited,

since the technique avoids the build-up of positive charge on the target.

A B C D
y (RF)| - substrate | -'E ‘,ﬁ||£“f'
*OOSUb_Sﬁ'ﬁte > E" ->gases _§ %,: 1\%
(U ~ ~
&g leema [ tafget 3 plasma o) I =2 25
o308 target tungstens /o substrate At || <2 -2
filamen heated-plate_I S ©
L | | magnet] "L [| electrolyte

Figure 3.4:
Material deposition mechanisms used in microfabrication; A) Sputtering;
B) Electron beam evaporation; C) PECVD; D) Electroplating; the cathode
is covered with a layer made up of the anode material; charged particles are
transported through the electrolyte when a voltage is applied between cathode
and anode
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3.2 Material Deposition

Another PVD technology that is used in this work is electron beam evaporation
(e-beam, Figure 3.4 B). In this case, a target is heated using an electron gun. The
material evaporates and atoms travel towards the substrate (in high vacuum).
The deposition rate is relatively slow compared to sputtering, but results in
very uniform and pure films while keeping the temperature of the wafer at room

temperature.

Plasma-enhanced chemical vapour deposition (PECVD, Figure 3.4C) is a type
of chemical vapour deposition that is frequently used during the fabrication of
microsystems to create thin films of materials such as oxides, nitrides and carbides.
For this, reaction gases are introduced into the chamber, where electrons in a
plasma (as opposed to external heat) lead to the dissociation of the molecules.
There are various ways for depositing silicon dioxide and silicon nitride. The
reaction equations describing the deposition used here are given below (for silicon
dioxide and silicon nitride, respectively). Using the same chemicals as for SiO,

deposition in different proportions, it is also possible to create silicon oxynitride

compounds.
3SiH, + 6N O — 3SiOs + 4NH3 + 4N, (3.1)

A wide range of metals can be deposited using a process called electroplating
[107] (Figure 3.4 D). For this process, the substrate must have a conductive surface,
which is connected to the cathode of a current/voltage source with the target
material connected to the anode. Both are immersed in an electrolyte solution and
current flow leads to a material deposition on the substrate. Very thick structures
can be created this way. The resulting surface is relatively rough but it can be
smoothed by using additives in the electrolyte. In the case of platinum deposition,

chlorine builds up on the anode and platinum is formed on the cathode as a result

46



3.3 Annealing

of the following chemical reactions [108]:

Pt"VCIZ™ +2¢7 = Pt"CI3 + 2C1~ (3.3)
Pt"CI2™ + 2¢” = Pt 4+ 4Cl~ (3.4)
Pt"VCIZ™ +4e” = Pt +6C1 . (3.5)

3.3 Annealing

In this work annealing is used during the LED fabrication for creating an ohmic
contact between the semiconductor material and a previously evaporated metal
layer (see section 2.4). This can be achieved through chemical reactions at the
interface at elevated temperatures. Using the equipment, rapid temperature
changes of up to 200°C/s and peak temperatures of over 1000°C can be reached
using infrared radiation from a tungsten-halogen lamp. Special environments can

be created during the process using O, and N,.

3.4 Etching

Etching is an important microfabrication method as it offers selective removal of
material. Usually, etches are developed to obtain a high preference for a certain
material. Etches are often also directional (anisotropic), which can be a helpful
way to create sophisticated three-dimensional structures. Etching can be done
using dry and wet etching methods, which will be addressed separately below.
The different etch profiles that can be obtained are summarised in Figure 3.5.
Important parameters are the etch rate of the material, the selectivity over the
masking material used and the anisotropy of the etch. A good summary of etch
rates is given by Williams et al. [220,221]. One can distinguish between bulk and
surface micromachining. While in surface micromachining thin films are deposited
and selectively etched, in bulk micromachining structures are defined by selectively

etching inside a substrate.
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3.4 Etching

LIEI0L00 IR

(| photoresist [ substrate

Figure 3.5:

Etch profiles resulting from different dry and wet etch processes; A) Physical
dry etch; relatively good depth-selectivity, slopes on sidewalls due to mask
etching at the pattern edges; B) Chemical etch (wet or dry); typically highly
isotropic etch profile; C) Physical-chemical dry etch; leads to best etch profile
(low undercut), profile created due to etch products being removed from surface
by ion bombardment; D) Deep reactive ion etch (Bosch process); sidewall profile
due to cyclic process, very high aspect ratios possible; E) Anisotropic wet etch
(slow and fast etching crystal planes), profile depends on wafer orientation

3.4.1 Wet Etching

Wet etching methods use chemical reactions to create structures on a sample.
They are usually characterized by a very isotropic etch profile, which makes
them less suitable for small features. On the plus side, they tend to offer a high
selectivity between materials. An overview of chemicals used for wet etching in
this work is given in Table 3.1. Most commonly used is silicon dioxide etching
using BOE (buffered oxide etch), which consists of hydrofluoric acid (HF') buffered
with ammonium fluoride (NH,F) for a more controlled etch rate. BOE removes

PECVD oxides following the reaction
Si0, + 6HF = HySiFg + 2H,0 . (3.6)

Some wet etches are also highly anisotropic because they favour certain crystal
planes. This can be exploited when creating 3D structures. Vertical sidewalls,
pyramidal structures or underetched features can be created by changing the
crystal orientation of the substrate material with respect to the wafer surface.
A popular etchant for silicon is potassium hydroxide (KOH) with the crystal

plane-dependent etch rates shown in Table 3.1.
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3.4 Etching

Chemical ‘ Material ‘ Etch rate [nm/min]
BOE (7:1), 21°C Si0, (PECVD) 290
ITO 0.7
KOT (34%), 70°C Si <100> 629 [222]
Si <110> 1292 [222]
Si<111> 9 [222]
Si0, (PECVD) 15 [221]
I,:KI:H,O (1g:4g:40ml), 21°C Au ~1000
HCI (40 %):H,0O (1:1), 21°C surface oxides tens
NH,OH (30 %):H,0, (30 %):H,O organics, metals not measured, used
(1:1:5), 70°C (Ti) for cleaning

Table 3.1:
Chemicals used for wet etching and their etch rates on different materials

3.4.2 Dry Etching

Dry etching methods include ion beam etching (IBE) and reactive ion etching
(RIE). Inductively coupled plasma reactive ion etching (ICP RIE, short ICP) and
deep reactive ion etching (DRIE) are special forms of RIE. A comprehensive review
is given by Nojiri [223]. Ton beam etching is a dry etch method that acts like
an atomic sand blaster. Electrons emitted by a heated cathode are used to ionize
argon atoms (or other heavy ion species) in a high vacuum. These ions are then
accelerated towards the sample which leads to a unselective evaporation of the
target materials. The process is particularly suited for materials that are hard to
etch chemically. RIE uses a setup similar to RF-sputtering systems, but a mix
of reactive reactive gases are introduced in the chamber. The etch mechanism is
a combination of physical etching by energetic ions and chemical etching from
plasma radicals. ICP RIE systems are RIE systems in which the conventional
parallel plate setup is modified. An RF coil is responsible for creating the plasma
far away from the sample. A second power supply is used to create an electric
field between the coil and the wafer, causing ion bombardment. This setup makes
it possible to achieve high etch rates while minimizing damage. Among various

other processes, ICP systems can be used to run the Bosch process, which is a
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3.5 Testing

highly directional DRIE process for silicon. It allows trenches with aspect ratios
of up to 90:1 to be created by continuously cycling between two steps: the etch
step itself (using SF) and a sidewall passivation step (using C,Fy), during which

a fluoropolymer protective film is created.

3.5 Testing

Many microfabrication steps can be assessed under an optical microscope and
lateral dimensions can be measured. Film thicknesses can be measured using a
profilometer. Methods include stylus profilometry [224], where a sharp tip is
moved over a patterned surface, and ellipsometry [225], where film thickness
is determined by measuring the polarisation of light reflected from the surface.
White light interferometry is an alternative for visualizing three dimensional
surfaces. Electrical testing is done using probe stations (e.g. Wentworth 280X
with HP 4155A), where set voltages or current can be applied through a set of

needles attached to micro-manipulators.

3.6 Substrate Thinning

With an increasing demand of ever smaller chips, substrate thickness has become
an issue that is being industrially addressed. Companies now offer to thin
silicon substrates down to 7pm (DISCO HITEC EUROPE GmbH, Germany)
using mechanical grinding [226]. An alternative to grinding is to use silicon-
on-insulator (SOI) wafers. Here, a thin silicon device layer and a thick silicon
substrate are separated by a thin insulating layer (usually SiO,), which allows
device release by a selective wet etch process [227]. Chemical mechanical polishing
(CMP) is an alternative method for thinning and planarizing a range of materials,
where mechanical polishing is assisted by chemical etching. It is relatively slow,

but can produce very flat surfaces, making it still very popular in industry [228§].
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3.7 Dicing

3.7 Dicing

After the fabrication is complete, the individual devices created in parallel on
the wafer usually have to be separated from each other. This singulation is
called dicing. The most common method uses a circular saw to cut the wafer
into rectangular shapes with a blade usually a few hundred microns wide. An
alternative crude method is to scribe and break the wafer. This works when
trying to dice the wafer along its crystal planes. Laser dicing [229] is another

alternative, which makes it possible to create more complex geometries.

3.8 Bonding

Die bonding [230] is the attachment of the device onto a substrate. This can
be a lead frame or even just a PCB. A specialised resin is used and the device is
then precisely picked and placed. Wire bonding is a technique used to make
electrical contact with the microsystem. Using a wire with a typical diameter of
25 nm made from materials such as aluminium, with a low content of silicon, a
robust bond is created both on the device’s and on the substrate’s contact pad.
Wire bonders use ultrasound and pressure to achieve this. Wire bonds come in

different shapes, namely wedge and ball bonds [231].

3.9 Encapsulation

When dealing with microdevices for biological environments, encapsulation is often
necessary to ensure biocompatibility (“the ability of a material to perform with
an appropriate host response in a specific situation” [232]). One popular option
for this are parylene polymers. Parylene is deposited from a gaseous monomer. It
can be viewed as a condensation process taking place at room temperature. Unlike
other deposition mechanisms, the process produces conformal coatings, meaning
that sidewalls are coated with the same thickness as surfaces (see 3.6). A lot of
care has to be taken to create good adhesion between parylene and the substrate.
This can be achieved with adhesion promoters, which have to be applied before

the deposition (see Table A.12).
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3.9 Encapsulation

substrate substrate
Figure 3.6:
Encapsulation quality; A) Non-conformal coating using previously described

processes; B) Conformal coating (e.g. parylene), all sides of the sample evenly
covered

Figure 3.7 shows a schematic of the deposition process. The granular monomer is
first loaded into the vaporizer, where it then sublimates under heat and vacuum.
Cleaving of the dimer into a monomer is achieved in a furnace at 690°C. At room
temperature the monomer polymerizes and forms the desired film on the substrate.
Waste products condense in the cold trap so they do not enter the vacuum pump.
The chamber and vaporizer form a control loop: the chamber pressure is measured
and used to adjust the temperature of the vaporizer, which in turn controls the
rate at which the monomer is created and enters the chamber. The amount of
monomer in the chamber affects the pressure. The process ends automatically
when the dimer has sublimated completely. It leads to a drop in chamber pressure

and a surge in vaporizer temperature above threshold.

—> | | =

vacuum

dimer monolm_er 0 wastel pump
vaporizer [?cyro ysIs polymer cold
urnace deposition trap

chamber
150°C 690°C 25°C -90°C 0.001
0.1 Torr 0.5 Torr 0.05 Torr Torr
Figure 3.7:

Parylene deposition (schematic); material flow is from a vaporizer over a furnace
into the process chamber, where the deposition takes place, waste products are
collected in a cold trap
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3.10 Conclusion

This chapter covered basics of microfabrication. Photolithography was explained
as a key technique for building very small scale devices. Methods for creating
and removing thin films were summarized. The next section will focus on the
engineering of a group of devices employing these microfabrication techniques.
The devices allow spatiotemporally precise optical stimulation in live animals
(rodents), in order to further understanding of neural processing in the brain (see

chapter 2).
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4 pyLED Needle Probes for
Depth-Specific Optogenetic
Control of the Brain In Vivo

As demonstrated by other groups [233-235], controlling neural circuits is a power-
ful approach to uncover a causal link between neural activity and behaviour.
Optogenetics — offering cell-type-specific perturbation with millisecond precision —
has been widely adopted by the neuroscience community [236]. However, optogen-
etic studies require light delivery in complex patterns with cellular-scale resolution,
while covering a large volume of tissue at depth in vivo, which is impossible with
conventional methods. Penetrating arrays offer a solution by moving the light
source into the brain, as shown in Figure 4.1 A. This chapter introduces novel
silicon-based light-emitting diode (nLED) arrays (see Figure 4.1 B) for invivo
optogenetics, offering an inexpensive novel tool for the precise manipulation of

neural activity. The devices consist of up to ninety-six 25 pm-diameter pLEDs
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Figure 4.1:

Working principle of LED needle probes; A)LED needle probe compared
to conventional approach using fibre optics: the probe penetrates the brain
and illuminates neurons at different depths with light propagating sideways;
B) Arrays of needle probes allow for complex stimulation patterns using 96
pLEDs distributed over six shanks
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4.1 Design

emitting at a wavelength of 450 nm with a peak irradiance of 400 ™W/mm2. A width
of 100 pm, tapering to 1pm at the tip, and a ~40 pm thickness help minimize
tissue damage during insertion; thermal properties permit optogenetic operating
regimes and average temperature increases below 0.5°C. The following sections

will cover the probe design, fabrication, simulation, characterization and control.

4.1 Design

GaN-on-Si LEDs can be fabricated in almost any size and shape. The fact that
the active layers just need to be patterned by lithography and an etch makes
high density arrays possible. Silicon can be easily patterned as well to create the
needle-shaped structure. Design restrictions arise from the minimum fabricable
feature sizes and the fact that the probes should be as compact as possible to
minimize tissue damage. The pLEDs should be in the order of a neuronal cell
body in size. On the other hand, pLEDs with dimensions of ~10 pm diameter
are difficult to fabricate reliably. If the design layout is only considered then the
shank widths should be in the order of 100 pm and the device thickness should be
below 50 pm to keep tissue damage at an acceptable level. However, this ignores
the optical (light emission profile) and thermal properties (probe/tissue heating),
which play a significant role in constraining the design and are explored in this
chapter. Further design criteria are that the pLEDs should be able to cover all
the layers of the mouse cortex and that it should be possible as well to target
deeper brain structures. The nLEDs are therefore spaced out over 750 pm and
the shank length was chosen to be at least 3mm. Given the maximum width
of 100 pm and a minimum fabricable track and gap width of 2 pm, a maximum
number of 16 pLEDs can be fitted onto a single shank. Bond pads should be
around 100 pm in width. The currently established minimum track width and
separation values for commercially available printed circuit boards are 100 pm.

To facilitate wire bonding, the same values were chosen for the bond pads on the
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Figure 4.2:
1D single-shank pLED array; SEM image of the tip (before parylene deposition,
which adds ~6m to each side) in front of a schematic of the whole probe,
16 pLEDs in a linear arrangement with a pitch of 50 pm, ptLED diameter is
25 um as shown in detail, shank length is either 3 mm or 6 mm, individual tracks
lead to the p-contact of each pLED

device. All these constraints lead to a probe design with the dimensions shown in
Figure 4.2. In Table 4.1 an overview of the designed and fabricated needle probes
is given, showing numbers of stimulation sites and dimensions (the naming of the

probes is explained in section A.2.1); Figure 4.3 shows images and schematics.

In preparation for electrode integration (see chapter 6), slightly wider probes have
also been fabricated (Table 4.1, deviceb) that can accommodate the additional
metal tracks required. The microfabrication approach adopted here can be easily

scaled to 100s of sites and beyond. To demonstrate this advantage, four- and

Name Shanks LEDs Electrodes
= E | = =~
EC A
< < 5 A =
T BP|E2 8 8 3
2 9 *  FH# 3 a
102 3/6 | 16 50 0
171 3/6 | 16 50 0
102 3 8 32 128 100 0
102 3 16 96 384 50 0
e Spacer 0

1 S=short (3 mm), L=long (6 mm)

Table 4.1:
Overview of designed and fabricated pLED needle probes showing number of
shanks and LEDs, as well as basic dimensions for various designs (values for
3D designs assume stacking of four die); fabricated devices in bold; a-d) pnLED
devices, e) spacer for 3D integration
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4.1 Design

Figure 4.3:
Overview of designed and fabricated pLED needle probes (images in front
of schematics on PCBs); A)1Dsingle-shank, 16 pLEDs (Table 4.1a);
B) 2D quad-shank, 32 pLEDs (Table 4.1¢); C)2D hex-shank, 96 pLEDs
(Table 4.1d)

six-shank probes with up to 96 pnLEDs were fabricated in addition to the single
shank devices (Table 4.1,devices c-d). Furthermore, these fabrication techniques
permit batch fabrication of devices on a single substrate and with correct mask
design, it is possible to create future 3D systems using stacked devices (Table 4.1,

devicee).

Figure 4.4 shows other available stimulating devices (introduced in section 2.5)
assessed by their ability to stimulate over a wide range, their spatial precision and
their invasiveness. The new pLED devices just described are assessed by the same
criteria. What can be seen is that the devices introduced in this work offer both
high spatial coverage and resolution, which was previously unavailable. At the
same time the invasiveness is kept low, minimizing brain damage. Probe stacking
could eventually produce devices that can have a similar coverage and resolution
as those shown by Zorzos et al. [154,155] (Figure 4.4 C), but with a smaller cross
section. A notable advantage is ease of use, since pLED based probes do not

require expensive laser setups.
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Figure 4.4:
Comparison of optogenetic stimulation devices (cf. sections 2.5.1 and 2.5.3,
single-source devices not shown), assessed by their spatial coverage and resolu-
tion (location of the centre points of the circles) in one (panel A), two (panel B)
and three (panel C) dimensions; resolution and coverage are averaged for multi-
dimensional probes; the circular area is proportional to probe invasiveness (cross
section); devices fabricated within the scope of this work are highlighted in pink,
other stimulating probes (no electrodes) are shown in grey (letters correspond to
the devices shown in Figure 2.12); integrated recording probes are colour-coded
to show the number of electrodes (letters correspond to the devices shown

in Figure 2.15); A) 1D-probes, @: single-shank probe from this work (Fig-
ure 4.3 A); B) 2D-probes, @: quad-shank probe from this work (Figure 4.3 B),
@: hex-shank probe (Figure 4.3 C); C) 3D-probes, @: 4x quad-shank probe

from this work, stacked (future device, Figure 8.4 A), @: 4x hex-shank probe
from this work, stacked (future device, Figure 8.4 B)

4.2 Fabrication

This section covers the fabrication of the pnLED probes. The process is divided into
the front-end, meaning the monolithic microfabrication using techniques described
in chapter 3, and the back-end, referring to the following system integration steps.
A quick summary is given here, followed by a detailed step by step description in

sections 4.2.1 and 4.2.2.
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4.2 Fabrication

The fabrication started with a 6-inch GaN-on-Si wafer with LED layers grown on
Si(111) by metalorganic vapour phase epitaxy (MOVPE). The wafers are supplied
by Plessey Ltd.; further details of growth and the epitaxial layer sequence are
available in section 2.4 and elsewhere [125]. In brief, the epistructures consist
of an AIN nucleation layer, an AlGaN strain management layer, and a Si-doped
GaN layer, followed by InGaN/GaN multiple quantum wells (MQW), an AlGaN
current blocking layer, and a p-type GaN layer.

The material was diced into samples by scribing the back side and cleaving (see
Figure A.4 for schematic). All the following steps of the fabrication process are
pictured in Figure 4.5. The top panel in each of the itemised steps shows a
schematic cross-section, while the lower panel shows a plan view image of the
actual device. A thin layer of Ni/Au was electron-beam evaporated onto the
surface of the wafer and forms a current spreading contact to the p-type GaN.
This metal layer was then photolithographically patterned and reactive-ion etched,
followed by an inductively coupled plasma (ICP) etch of the p-type GaN that
exposed the n-type layer. This creates isolated 25 pm-diameter mesa structures
that form the pLEDs. The wafer was then thermally annealed to ensure good
electrical contact between the Ni/Au layer and the p-type GaN. A Ti/Al metal
layer was sputter-deposited to serve as a contact to the n-GaN, covering the
whole sample except the pLED sites. After this, an insulating bilayer of SiO,, was
deposited using PECVD and selectively etched on the ptLEDs to allow contact
through to the current spreading layer. A Ti/Al metal stack was deposited
to create the sixteen tracks for the pnLEDs and ICP etched. These connect to
the current spreading contact and are electrically insulated by the deposition of
another SiO, bilayer. Contact pad vias were etched and Ti/Au contact pads were
deposited to facilitate wire bonding. Trenches around each device were created
by deep reactive ion etching and defined the final probe shape. The devices were
thinned from the back side to a final thickness of 30 pm, which also singulates
each probe. Probes were then separated from the frame and die and wire bonded

to a custom-designed PCB. The wire bonds were potted using a UV-curable epoxy.

29



4.2 Fabrication

A thick layer of parylene C was conformally deposited on the probe for insulation
and to improve biocompatibility. The whole process has been developed to the
point where yields of 75 % in terms of individually addressable uLEDs are being

achieved, with electrical shorts and breaks being the dominant sources of failure.

4.2.1 Front-End

The fabrication process is described in more detail below. Each step (1-17) links

to the corresponding panel in Figure 4.5.

Step 1 After scribing an ID on the back of each sample, they were cleaned in
acetone and isopropanol for five minutes. Any surface oxides were removed by
immersing them in a solution of hydrochloric acid (HCL) and deionized water (1:1)
for two minutes. The samples were cleaned with deionized water and blow-dried
using nitrogen. They were then taped to a silicon carrier wafer using Kapton®
tape over the corners of the samples. They were loaded into the electron beam
evaporator for metal deposition. Care was taken to minimize exposure time to the
environment. A 10/20nm bilayer of nickel/gold (Ni/Au) was then deposited using
deposition rates of ~0.051m/s and ~0.15mm/s; respectively. Ni/Au has a higher
translucence compared to the alternative, palladium (Pd). It is therefore the

choice for top-emitting LED devices.

Step 2 A photoresist mask was created using (MICROPOSIT®) S1818® (spun
at 4000 RPM for 30s, with prior HDMS prime). The samples were soft-baked at
115°C for 2min. The samples were then exposed for 7.5s using photomask 1.1.
Development was done using diluted (1:1 with deionized water) MICROPOSIT®

developer concentrate (Shipley, USA) for 40s.

Step 3 The current spreading metal layer was etched using RIE 2 recipe niautest
(using Ar/O,, Table A.5) for 4min. The samples were transferred to a silicon
carrier wafer and fixed using wax. The p-GaN was then etched using ICP 2 recipe
GaN_David (using Cl,, Table A.8) for 60s. After the etch the samples were
cleaned using (MICROPOSIT® REMOVER) 1165 (heated on a hotplate at 115°C
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Ni/Au deposition (current Photomasking Mesa etching and annealing Photomasking
spreading layer, 10/20 nm)

eading]layen

Al deposition (n-contact, Si0, deposition (passivation Photomasking p- and n-vias etching (dry / wet)
150 nm) and lift-off layer, 600 nm)

SiO2

Al deposition (LED wire LED wires etching SiO, deposition (passivation
material, 500 nm) layer, 500 nm)

Sio,
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13 = :

]

Etching trenches

B ‘ Q 0

T~ —ee——

Figure 4.5:
Fabrication steps of pLED needle probes (front-end); mesa structures are etched
into GaN-on-Si material, aluminium tracks are created to contact the p-GaN
and the n-GaN, separated by an insulating SiO, layer, trenches are etched for
consequent device separation, scale bars are 50 pm



4.2 Fabrication

for about one hour), followed by a five-second ultrasound clean. The samples
were cleaned in water and dried. Annealing was done on a silicon carrier wafer
(samples loosely placed) using program & on the RTA (Figure 3.1).

f long ultrasound exposure can damage the current spreading layer

Step 4 A thick (7pm) photoresist mask was created using (MEGAPOSIT®)
SPR®220-7 photoresist spun at 4000 RPM for 30s (with prior HDMS prime). The
resist was baked at 115°C for 2min. The samples were then exposed for 40s using
photomask 1.2. Development using diluted MICROPOSIT® developer concentrate

(1:1 with deionized water) took about one minute (agitate samples strongly).

Step 5 A bilayer of titanium and aluminium was deposited by sputtering (Fig-
ure 3.1). For this, the samples were fixed to a silicon carrier wafer using Kapton®
tape. Titanium was deposited for 2:51 min and aluminium was deposited for
4:33min leading to a layer thickness of 50/100nm. A lift-off was performed
overnight using acetone followed by a 15s ultrasound clean and a 5min clean in

isopropanol.

Step 6 A SiO, bilayer of 300/300 nm was deposited using PECVD (Figure 3.1).
The deposition rate was checked using a Filmetrics ellipsometer and a blank piece
of silicon loaded in the machine with the samples. The deposition time of the
second run was adjusted accordingly. Samples were also cleaned using acetone
and isopropanol for five minutes each between the two runs. Bilayers are used to

avoid pinhole formation.

Step 7 A photoresist mask was created using S1828® (spun at 4000 RPM for 30,
with prior HDMS prime). The samples were soft-baked at 115°C for 2 min. The
samples were then exposed for 12s using photomask 1.3. Development was done
using diluted MICROPOSIT® developer concentrate (1:1 with deionized water)

for 40's followed by 3 s in pure developer (overdevelopment facilitates remasking).
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4.2 Fabrication

Step 8 Vias were etched using RIE 1 recipe mlesio2 (using CHF,/Ar, Table A.1)
for 14:00 min (halfway through the oxide layer). Resist was then stripped using
acetone (30min) and isopropanol (5min) and the samples were remasked using
S1828® (process as outlined before). This was done to avoid defects in the resist
mask being transferred, etching the oxide mask out of place. Samples were etched
further using RIE 1 recipe mlesio2 (using CHF;/Ar, Table A.1) until ~50 nm of
the oxide film remained. The final etch was done using a buffered oxide etch
(BOE, diluted 7:1). A plastic beaker was used, the etch time was 90s. After the
etch, samples were cleaned in deionized water, acetone (overnight) and isopropanol

(5 min).

f BOE is a dangerous chemical, extreme care must be taken

Step 9 A bilayer of titanium and aluminium was deposited by sputtering
(samples on carrier wafer with Kapton® tape). Titanium was deposited for
2:51 min and aluminium was deposited for 22:45 min leading to a layer thickness

of 50/500 nm.

Step 10 A photoresist mask was created using S1818® (spun at 4000 RPM for
30s, with prior HDMS prime). The samples were soft-baked at 115°C for 2 min.
They were then exposed for 7.5s using photomask 1.4. Development was done
using diluted MICROPOSIT® developer concentrate (1:1 with deionized water)
for 20s.

Step 11 pLED tracks were etched using ICP 1 recipe AlRobert (using Cl,/BCly,
Table A.6) for 3:30min (colour change was visible after ~2:40 min indicating a
complete etch). Resist was then stripped using acetone and isopropanol (5 min

each).
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4.2 Fabrication

Step 12 A SiO, layer of ~500nm was deposited using PECVD (Figure 3.1).
A bilayer might be used in the future to help protect the devices in vivo. The
deposition rate was checked using the Filmetrics ellipsometer on a blank piece of

silicon loaded in the machine with the samples.

Step 13 A thick (7 pm) photoresist mask was created using SPR®220-7 photores-
ist spun at 4000 RPM for 30s (with prior HDMS prime). The resist was baked
at 115°C for 2min. The samples were then exposed for 40 s using photomask 2.6.
Development using diluted MICROPOSIT® developer concentrate (1:1 with de-

ionized water) took about one minute (agitate samples strongly).

Step 14 Contact pad vias were etched using RIE 1 recipe iopsio2 (using CHF;/Ar,
Table A.1) for ~14:00min (10 % overetch). A one-minute oxygen plasma clean
was performed to remove any resist residues on the contact pads (RIE 1 recipe

02ash, using O,, Table A.4).

Step 15 Contact pads were sputtered using a titanium/gold layer stack (50/250 nm).
Titanium was deposited for 2:51 min and gold was deposited for 2:00 min. A lift-off
was performed in heated 1165 (hotplate at 115°C) for 30 min followed by a 10

ultrasound clean. Samples were then cleaned in water and blow-dried.

Step 16 A thick (7 pm) photoresist mask was created using SPR®220-7 photores-
ist spun at 4000 RPM for 30s (with prior HDMS prime). The resist was baked
at 115°C for 2min. The samples were then exposed for 20 s using photomask 2.9.
Development using diluted MICROPOSIT® developer concentrate (1:1 with de-

ionized water) took about three minutes (agitate samples strongly).

Step 17 The etching of the trenches consisted of the consecutive removal of
several layers. SiO,, was first removed using RIE 1 recipe iopsio2 (using CHF,/Ar,
42:18 min, 10 % overetch, Table A.1). Titanium and aluminium were then removed

using ICP 1 recipe AlRobert (using Cl,/BCl;, Table A.6) for ~3 min (one minute
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after completion of colour change). The photoresist burns in the process. It was
therefore removed (using 1165) and the samples were remasked (see step Step 16).
The GaN epistructures were etched using ICP 2 recipe GaN__David (using Cl,,
Table A.8) for 2:30 min. Trenches in silicon were etched using DRIE recipe hptest4
(using SFg) for 10:00 min, which leads to trenches approximately 45 um deep. The

resist was subsequently removed.

4.2.2 Back-End

The following steps (18-20) correspond to the panels in Figure 4.6.

Step 18 (Figure 4.6) The samples were transferred to a carrier wafer face down.
A photoresist layer (S1828®) was used for adhesion. The resist was baked with the
samples securing them in place. The wafers were then thinned to a final thickness
of 30 pm using mechanical grinding (DISCO HI TEC EUROPE GmbH, Germany).
The single probes were removed from the carrier wafer by washing with acetone
and filtration through filter paper. The fragile devices can be moved using their

property to adhere via surface tension to a wet cotton bud.

Wet etching with KOH could replace this approach and reduce costs. The
crystal plane orientation of the used material (<111> wafer) makes horizontal
underetching (<100> and <110> planes) possible, but great care must be taken

to protect the devices during this aggressive etch.

Back side grinding (to 30 um) [Die / wire I Parylene deposition (6 pm)

parylene

18 . -

Figure 4.6:
Fabrication steps of LED needle probes (back-end); devices are separated by
back side grinding and passivated with parylene C on a PCB
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Step 19 Two-layer PCBs were designed using CadSoft EAGLE layout editor
[237] and fabricated by Eurocircuits N.V., Belgium [238]. The PCBs were then
populated using reflow soldering. For die bonding, an adhesive was first applied
to the PCBs. The devices were then picked up with a wet cotton swab stick and
transferred to the PCB. They were manually aligned and pushed into the glue.
Wire bonding was done manually with a K&S Model 4526 wire bonder. The
wire was 25 nm in diameter and made from Al wire with 1% Si. The contact pads
were protected by potting with NOA68 epoxy (Norland), which was then cured
by UV radiation (~15min at 5W/m?). A plastic box was fitted with metal inlays

for safely storing the probes (Figure A.7).

Step 20 Parylene C deposition was the final step in the fabrication process. The
polymer was deposited conformally onto the device (see Figure 3.7). A layer
thickness of ~6 pm was used. A-174silane adhesion promoter was used in vapour

form by wetting the chamber walls.

4.3 Simulation

In order to predict the behaviour of the pnLED probes in vivo, various simulations
have been conducted examining optical and thermal characteristics. Monte Carlo
simulations for light propagation can give an estimate for the maximum penetration
depth of the light into the tissue for a given optical power at the pLED surface,
paired with the known activation levels of the optogenetic opsins. A Joule heating
and transient heat transfer simulation can give insight into the pulse waveforms
that such an operation would permit, keeping the peak or average temperature

below a certain threshold that is safe for the cells.
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4.3 Simulation

4.3.1 Light Propagation

When thinking about the spatial resolution of the probes, it is important to
consider not only the separation of the light sources, but also how light propagates
through brain tissue from the pLED surface. Monte Carlo simulations have
therefore been conducted to assess the expected light propagation in brain tissue

(code modified from Jacques [239]). The pLED was treated as a Lambertian
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Figure 4.7:

Simulated light propagation in brain tissue; A) Light power output required to
excite channelrhodopsin at various locations from the LED (I > 1mW/mm?), the
white line shows the volume that an average nLED with electrical characteristics
as shown in Figure 4.14 can excite at 5mA; B) Estimation of the number of
neurons excitable with a given light power or irradiance (volume data extracted
from panel A, 10 neurons/mm? assumed [27,240] with all neurons expressing
ChR2)
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4.3 Simulation

source and coefficients for scattering (us) and absorption (u,) were assumed to be
117cm™! and 0.7cm™!, respectively (grey matter [64]). Figure 4.7 A shows the
simulation results — light powers required for ChR2 excitation (I > 1mW/mm?) at
various points within the irradiated tissue.

3 (mouse cortex) [27,240], a rough

If the neuron density is taken as 10° mm™
estimate of the number of affected units can be calculated. This demonstrates that
each pLED has a dynamic range that can target very few neurons on the one end,
and up to ~1500 neurons at 5mA (Figure 4.7 B). More neurons can be recruited
at higher drive currents; however, the limiting factor becomes the dissipation of
electrical power as heat at the surface of the nLED. This is an important factor

when implanting optoelectronic devices, such as this, into the brain and will be

discussed further in the next section.

Monte Carlo simulations can also provide information about the resolution that
can be achieved using the pLED probes. The results are shown in Figure 4.8.
Panels A-C illustrate how the optical field spreads through simulated brain tissue
for varying pLED sizes (50, 25, 10 and 5pm diameters) and at different pLED
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Figure 4.8:

Simulated pLED resolution during optogenetic stimulation of brain tissue; con-
tour lines represent activation thresholds (arbitrary value), values for excitable
volume are shown; A)50 pm lateral resolution (LED diameter Oy gp<50 pm), ;
B) 25 pm resolution (Qpgp<25pm); C) 10 pm resolution (Dppp<10 pm)
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separations (50, 25 and 10 pm pitch). In panel A it can be seen that if the optical
field is restricted to a 25 pm lateral spread (so that it does not interfere with an
identical neighbouring pnLED 50 pm away), the depth penetration normal to the
surface for 50 pm diameter pLEDs is small (< 15 pm). Decreasing the pLED size
to 25 pm diameter, but maintaining the pitch and resolution restriction, increases
the maximum depth penetration to ~40 pm. However, decreasing the nLED size
further, to 5 um, does not substantially increase the volume of tissue illuminated
(Vexcitea). This indicates that at a pLED pitch of 50 pm, 25 pm-diameter pLEDs
offer a resolution similar to that of much smaller diameter pLEDs, mainly due to
the Lambertian emission profile of the light source. If higher resolution is required
(reduction in pLED pitch), the size of the pLEDs can be decreased, as shown in
panels B, C for a 25 pm and 10 pm pLED pitch, respectively. pLEDs with 10 pm
diameter were fabricated to demonstrate smaller pLEDs are possible using the
techniques outlined in this thesis (see Table A.13 in the appendix). If neighbouring

LEDs are on at the same time, the profiles change as shown in Figure A.10.

4.3.2 Device Heating

The major drawback of implantable LED devices, such as this, is the inefficiency
of electrical current conversion to light, meaning that heat is generated at the
LED surface (see section 2.4). This is particularly relevant when directly inserting
a probe into the tissue, positioning the light source next to the neurons. It opens
up the possibility of the temperature change itself modulating biological function.
Neurons are known to be very sensitive to thermal fluctuations, though exact
quantitative data is varied and difficult to interpret [241,242]. The aim of this
section is to show that with the correct design criteria, each pLED is capable of
perturbing neurons in optogenetic experiments, without excessive tissue heating.
The key point is that the thermal properties of the silicon/tissue interface mean
that pulse widths and repetition rates can be realized that are well suited to

optogenetic activation.
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In order to understand the heat produced in the ptLED probe and its surrounding
medium, a COMSOL Multiphysics® model was created. COMSOL uses the finite
element method (FEM) to approximate heat distribution (and potentially a variety
of other physical phenomena) by splitting up the model geometry into a finite
number of partial bodies. In the case of heat transfer COMSOL then numerically

solves the heat equation

pC%:tF — V- (kVT) =Q (4.1)

for the temperature T' (in K). Material properties needed are the density p (in k&/m3),
the heat capacity C' (in J/kgk) and the thermal conductivity £ (in W/mk). Values
for these are summarized in Table 4.2. Heat sources or sinks are represented
by the power density term, @ (in W/m3). The basic model can be extended in
several ways, for example by incorporating cooling through blood perfusion. This
is done by adding an additional heat source term wp,CY, (T, — T) with the arterial
blood temperature T,, the density of blood py,, heat capacity C}, and perfusion
rate w (in s71). If the rate of metabolic heat generation was considered as well,
one would arrive at Pennes’ famous bioheat transfer equation [245], popular in

thermal modelling.

The probe was included in the model with its original geometry. To make use
of its symmetry, only one half was modelled with the boundary condition at
this symmetry interface being defined as a reflecting (Neumann) boundary — a
standard technique in modelling of this sort (see Figure 4.9 A). The core material

was assumed to be pure silicon. The pLEDs were modelled as half cylinders

Si* Brain  ParyleneC Air*
243 [244]
Density p [k8/m?] 2329 1040 1289 temperature.
Heat capacity C' [?/kgK] 700 3650 712 1 P ot
Thermal conductivity & [W/mx] | 130 0.527  0.084 cpendat

*from COMSOL materials library

Table 4.2: Material properties used in thermal simulations
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Hot

Air/Brain

Cold

Figure 4.9:
COMSOL model of heat transfer in nLED probe and environment; A) Model
geometry showing half of the pLED probe with the shank immersed in either air
or brain tissue and the contact pad area surrounded by air, temperature increase
due to Joule heating during a light pulse is shown with colour; B) Temperature
profile around probe shank immersed in brain tissue following a 20 ms pulse on
pLED 1 and pLED 16

with 1pm height and 25 pm diameter. The whole probe was surrounded with
a 6 um thin layer of parylene C. A cuboid surrounded the tip of the probe and
the material was chosen to be either brain tissue or air. The distal end of the
probe was always surrounded by a cuboid of air. The boundaries of the media
were held at a constant temperature Ty. Heating of the probe was simulated using
boundary heat sources at the pLED /parylene C interface, where the pnLED was
assumed to be perfectly inefficient (all input electrical power converted to heat).
The real wall plug efficiency is around 1%). The simulated electrical power of
the boundary heat source was extracted from a typical (shown in section 4.4.1)
IV-curve (Py =V -1I). Similar models have been created by Wu et al. [202],
Smith et al. [246] and Li et al. [247].

Results from the simulation show that the heat transfer occurs primarily along the
silicon shank. This is due to the high thermal conductivity of silicon with respect
to the neural tissue. The effect of the silicon substrate acting as a heat sink results
in the peak temperature varying with pLED position (Figure 4.9 B), due to heat
flow being strongly limited in one direction when the pLED is located close to

the probe tip. In the experiments covered in chapter 5, irradiance values of up to
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150 mW/mm? (1 mA drive current) were used. Temperature changes induced by this
mode of operation can be predicted by the COMSOL model and are summarized
in Figure 4.10. Panel A quantifies the dependence between peak temperature and
nLED position. Now let us consider the furthest pLED from the tip (nLED 16,
cf. Figure A.8 for ntLED 1). The peak temperature change at the surface of the
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Figure 4.10:

Simulated tissue temperatures during LED probe operation (I = 150 mW/mm2,
LED 16, cf. A.8 for LED 1); A) Temperature depends on the LED position;
B) Peak and average temperatures during continuous operation in pulsed mode
for various combinations of pulse width and repetition rate; C) Temperature
dissipation over time following a pulse of certain pulse width (blue) or a
continuous pulse (black); D) Maximum temperature at various distances from
the LED following a pulse of certain pulse width (blue) or a continuous pulse
(black);
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nLED varies from 0.4 to 4°C depending on pulse width (1 ms to CW). This decays
with time after the pulse and distance into the brain (Figure 4.10C,D). It is
important to note that the temperatures scale linearly with electrical input power,
as shown on the secondary ordinate (right-hand y-axis). This is interesting as
a predictive tool when devices have been characterized electrically (IV/LI). It
is also important to note that the average temperature is considerably lower
than the peak temperature that occurs during operation. At this irradiance
level, the thermal characteristics of the neural probe permit duty cycles of ~10 %
without the average temperature rise extending beyond 0.5°C (Figure 4.10B).
Peak temperature increases for continuous pulsed operation are also shown in

Figure 4.10 B. and lie between ~0.5-4°C.

During experiments, light pulses of 50 ms duration at a repetition rate of 2.8 Hz
were used. The peak temperature increase during this continuous pulsed operation
is ~2.5°C at the pLED surface and occurs at the end of each pulse. As mentioned
before, this drops off quickly in time and space, with 50 ms pulses taking ~30 ms
to cool below 0.5°C (Figure 4.10 C). At the same time, neurons that are ~70 pm
away from the pLED never get exposed to these temperatures (Figure 4.10D).
The average temperature increase at these parameters is predicted to be around
0.5°C, which is often taken as a threshold for safe operation. Control experiments
detailed in chapter 5 show that there is no visible thermally-induced change in
neural firing rate with the parameters used (Figure 5.6 N), giving credence to the

predicted average temperature increase of around 0.5°C.

Thermal damage in biological systems is complicated. It is usually a result of
increased temperature level and duration [248,249]. Quantifying the maximum
settings for safe operation considering magnitude and duration of heat exposure
is an essential goal. One possible way of predicting the impact of the increased
temperature on the neurons is by looking at the Arrhenius damage integral. The

Arrhenius equation describes the temperature dependence of reaction rates and it
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can be written in its differential form as

with the number n of cells that have not yet reacted, time ¢, the universal gas
constant R, thermodynamic temperature T, and the two reaction parameters A
(pre-exponential factor, a measure of the effective collision frequency between
reacting molecules) and AFE (activation energy, the minimum energy needed for

the reaction to occur) [250,251]. The equation has the solution

n (1)

o =exp (—£2(7)), (4.3)

where ng is the total number of cells and

Q(T):A/tTOeXp (gﬁ(f))dt. (4.4)

The integral can be solved by using the trapezoidal rule, which is given as

/abf (x)dx =~ (b—a) [W] : (4.5)

and temperature distributions at many points in time provided by the solu-
tion of the COMSOL simulation. Fractions of affected cells regarding cell
death (A =2.98-10%s7}, AE = 5.06 - 10° Jmol " [252]) are shown in Figure 4.11.
What can be seen is that even long pulses do not cause cell death of large fractions
of the population. The rate of cell death caused by increased temperature from
the LEDs is increased slightly during LED operation. However, the natural rate of
cell death remains the main cause of cell death, which can be seen when comparing
the top and bottom plots during the time frame after the LED is switched off.
Neurons could still change their behaviour, but the reaction parameters regarding
these more subtle cell perturbations are not known. If they could be identified
accurately (Figure A.9), it might be possible to give more precise limits for pLED

stimulation with respect to increased temperature.
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Figure 4.11:

Arrhenius damage integrals for pLEDs, comparing damage induced by
pLED heat (top) and damage occurring at base temperature (bottom);
blue: LED on, grey: LED off; fractions of damaged cells (1 — n/ng) are colour-
coded; A)top: LED on at 5mA, bottom: LED off; B) Top: LED off after 5ms
pulse at 5mA, bottom: LED remaining off after 5 ms off-period; C) Top: LED
off after 50 ms pulse at 5mA, bottom: LED remaining off after 50 ms off-period;
D) Top: LED off after 500 ms pulse at 5mA, bottom: LED remaining off after
500 ms off-period

Further simulations have been performed taking into account the series resistance
of the tracks leading up to the pnLED sites (Figure 4.12 A, a value of 1002 has
been chosen as an upper boundary, cf. section A.2.3.3) as well as cooling by blood
perfusion of the brain (Figure 4.12B). Since their effect is observed to be small,

they can be neglected in the models.

Figure 4.13 shows the influence of some other modelling parameters on the
temperature development in the system. Panel A shows the effects of a change
in substrate material on the maximum temperature. Silicon is contrasted to
sapphire and diamond. The thermal benefit of moving away from the conventional
LED substrate, sapphire, can be seen clearly: the result is a reduction in peak

temperature by about 50 %. Diamond is an interesting future substitute for silicon.
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Figure 4.12:
Influence of various model parameters on the simulated maximum temperature

(at surface of LED 1 during static operation); A) Track resistance in series with
LED (100); B) Blood perfusion (0.012s7!)
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Figure 4.13:
Influence of various model parameters on the simulated maximum temperature

(at surface of LED 1 after one pulse at / = 5mA); A) Different substrate mater-
ials (silicon vs. diamond and sapphire); B) Parylene C coating with different
thicknesses (0-12m); C) Thickness of the silicon substrate (20-50 pm)

Being one of the best known thermal conductors (Table 8.1), it can help reduce
the peak temperature by roughly another 2/3. Panel B shows the influence of the

thickness of the insulating parylene layer on the peak temperature (at the interface
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4.3 Simulation

between the probe and the tissue along the LED normal). A 6 pm parylene C
layer, as used on the probes introduced here, helps reduce the peak temperature
by about 25 % compared to an uncoated probe. Increasing the parylene thickness
can help further reduce the temperature as shown. Panel C shows the effect of the
probe thickness on the temperature. The probe substrate plays an important role
in transferring away excess heat, since its thermal conductivity is much higher
than that of brain tissue. As apparent in the plot, consideration should be given
to thermodynamic aspects, when thinking about producing thinner probes that
could help minimize tissue damage. Table 4.3 shows peak temperature increases
for the case that all 16 pnLEDs are on simultaneously (worst case). When using
long pulses, the peak temperature increase can be around twice as high as when
using single LEDs (cf. Figure 4.10 A). Such parallel stimulation is therefore only
possible with lower powers. This requires opsins with increased sensitivity or

accepting more locally confined stimulation.

AT PW [ms]
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Table 4.3:
Peak temperature increase (per pLED) following a simultaneous pulse
(I = 150 mW/mm?) with a defined pulse width on 16 pLEDs
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4.4 Characterization

The inputs of the models require experimental parameters and the probes described
in section 4.2 have been characterized electrically, optically and thermally. Precise
electrical and optical data is essential for driving the probes towards a desired
output. Thermal characterization was used to verify the models that have been

covered above.

4.4.1 Electrical Characteristics and Light Output

Electrical and optical characterization have been carried out using a programmable
current source (GS610, Yokogawa) and an optical power meter (PM100A with
detector S120VC, Thorlabs). Unlike an integrating sphere, the simple optical
power meter does not give absolute power values, since not all the light can
recorded from a Lambertian emitter. A correction factor therefore has to be
applied to the measured value depending on the position of the detector. For a
distance of 6 mm and an angle of 45° of the pLED centred in front of the detector,
the correction factor is k ~ 3.68 (detector radius 4.75 mm, additional values in
section A.2.4.1). An integrating sphere was used to check this approximation
and values agreed well (£10%). A previously developed LabVIEW program can
simultaneously interface with both the current source and the optical power meter.
The output voltage is then swept typically from -3V to +8V in steps of 0.1V,
while the electrical current and the optical power are recorded. Figures 4.14 A.B
show the electrical and optical characteristics of a typical pLED on a fabricated
probe. The average voltage at 5mA current is 6.56 V with a standard deviation of
0.57V and the average light output at 5mA current is 0.19 mW with a standard
deviation of 0.01 mW (n = 20 functional LEDs).
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Figure 4.14:

Characterization of electrical and optical ptLED power; A) Electrical char-
acteristic curve showing forward current in relation to forward voltage
(IV); B) Optical characteristic curve showing light output in relation to for-
ward current (LI); C)pLED emission spectrum (spectral line half-width is
33nm); D) uLED emission profiles from probe immersed in fluorescein solution
(top: single pLED, bottom: three pLEDs), isocontours show the Lambertian
emission profile

The pLED emission is further characterized in Figures 4.14 C,D, with panel C
showing the emission spectrum of a typical nLED on the probe. The peak
wavelength is 452nm and the spectral line half-width is 33nm. Panel D shows

nLEDs simultaneously emitting in fluorescein solution (fluorescein concentration is
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4.4 Characterization

0.1 M), highlighting the Lambertian emission profile underlying the Monte Carlo
simulations (Figure 4.7). The plot was produced by imaging the probe from the
side using a CCD camera. Isocontours of fluorescence were then identified in the

image.

4.4.2 Device Heating

Thermal imaging (FLIR SC7000 Series) was used to assess device heating. A calib-
ration curve was first recorded to obtain the temperature-dependent emissivity of
the parylene-coated GaN-on-Si probes. This was done using a type E thermocouple
attached via thermal paste to the bonding area of the probe. The probe was
heated to 100°C using a heat gun and then left to cool down to room temperature,
while thermocouple readings were recorded and thermal images simultaneously
acquired at 2Hz. This was repeated five times to generate the data shown in
Figure 4.15A. A linear fit was applied to the scatter plot of detector count values
against measured temperature. The gradient links relative changes in detector
counts to changes in temperature. This thermal camera and calibration curve
can then be used to record the probe temperature under a variety of operating
conditions. This experimentally obtained probe temperature is compared to simu-
lation results in Figure 4.15B. Considering that the model and the measurement
are done completely independent from each other, the match between the two is
very good. Differences can be explained by slight deviations of the real thermal
properties and geometry from those used in the model. Peak temperature and
temperature offset were measured for various combinations of nLED, current, pulse
width and repetition rate. Figures 4.15C,D show examples of thermal imaging
data recorded (black line). A more accurate future alternative method, that could
be used to obtain data in physiological solution is described by Shrestha et al..
The approach makes use of a micropipette [253], which can have dimensions

small enough to record temperature changes around individual pLEDs, while
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Figure 4.15:

Probe heating as detected by a thermal camera; A) Calibration curve recorded
on LED9 (middle of the shank) using thermal imaging and a thermocouple;
B) Calibration factor from A) applied to thermal imaging values recorded during
one light pulse of LED 9 (sampled at 500 Hz) at different currents; C) Temporal
profile of camera detector counts during continuous pulsed operation, I = 5mA,
PW = 20ms, f = 10Hz; temperature offset is shaded in red; fluctuating
temperature is shaded in blue; peak temperature is the sum of the two; ¢,/ =
20 ms; D) Another temperature trace example for pulsed LED operation (50 ms
pulses at 2.5Hz, 1 mA), note: rate is low enough that offset is not generated

offering millisecond resolution. This method seems relatively easy to use, since no
complicated thermal camera calibration has to be carried out. It is also expected
to give more accurate results, since the measurements can be done directly in an

environment that closely matches the in vivo conditions.
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4.5 Probe Controlling

In order to control the pLED probes, additional hardware and software is required.
The hardware connects the pLED probe to a PC through a set of control electronics.
The software sends control commands to the hardware. In the following sections

each component will be described individually.

4.5.1 Control Hardware

The developed control hardware consists of several parts. A headstage includes
electronics for pLED addressing. The headstage is then connected to an external
interface board containing a programmable LED sink driver (cf. section A.2.7)
and a microcontroller, which is connected to a PC via a USB interface. The
microcontroller accepts triggers from external hardware and can use them to
produce a certain output from the pnLED probe. Triggers are particularly useful
when coupling the ntLED probe with recording hardware. Figure 4.16 gives an
overview of the control hardware. The individual components are further described

below.

headstage interface board

9V¢ [ bcibc
: |converter

[ LED
:|_driver T

PC

demux
array

Figure 4.16:
Simplified schematic of nLED probe control hardware, showing the circuit to
power the nLEDs and the signal flow (grey lines)
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4.5 Probe Controlling

4.5.1.1 Headstages

Two different PCBs, acting as headstages, were designed and produced (Euro-
circuits N.V., Belgium [238]). They allow the control of the different probes by
addressing one pLED at a time using several 16-channel low-cost demultiplexers
(HC4067). The small PCB shown in Figure 4.17 A can either be fitted with one
or three of these ICs to drive 16- or 32-channel probes, respectively. The PCB
shown in Figure 4.17 B shows a 96-channel version using a switching matrix of
seven demultiplexer ICs. Apart from the probe, the other component on the
boards is a 12-way micro USB-style socket with a small footprint. The 12-wire
interface is used for supplying power, demultiplexer addressing, and for connecting
the n-contact of the nLED probe to the output of the LED sink driver. The
weights of the populated 16-, 32- and 96-channel headstages are 1.6g, 1.9 g and
3.6 g, respectively, allowing them to be used in small rodents. A connection to the
interface board is made using a screened miniature (1.72 mm diameter) 12-core

cable (Rotronik 08.301.12.36/PFA) and a 12-pin USB-style connector at each end.

A B

>mMWwTnO®OUO

Figure 4.17:
nLED probe headstages (schematics and populated boards), pin configuration
shown in detail (cascaded demultiplexer select lines E-G (highest bit) for first
stage and A-D (highest bit) for second stage, INH = inhibit, GND = ground,
VCC =supply voltage, LED+=LED anode voltage, LED-=LED cathode
voltage); A) 16- or 32-channel board using one or three demultiplexers, respect-
ively; B) 96-channel board using seven demultiplexer I1Cs
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4.5 Probe Controlling

4.5.1.2 Interface Board

An interface board has been designed consisting of an Arduino Nano microcontroller
and a custom-built LED driver board (cf. Figures A.5 and A.6). The boards (and
the attached headstage/pLED probe) are powered via USB through a 9V DC/DC
converter on the LED driver board (Murata, MEV1S0509SC). In addition to
the the driver itself, the driver board contains a shift register for outputting the
(headstage) demultiplexer channel select signals (7 select lines and 1 enable line,
allowing control of up to 27 = 128 pLEDs). The final purpose of the driver board
is to lead out 10 I/O lines from the Arduino through a USB-style 12-pin connector.
The driver board is connected to the Arduino as a shield, allowing control of both
the LED driver and the shift register, and resulting in a very compact setup, as
shown in Figure 4.18 A. Furthermore, a miniature enclosure has been designed to
house the interface electronics (outer dimensions 46 mmx22 mmx25.5mm). It was

machined from aluminium and the complete final system is shown in Figure 4.18 B.

_,to probe. board

(USB infout <

power in
trigger in/out ‘\ :

46 x 22 x 25,5 mm°

board

Figure 4.18:
nLED probe interface board; A) Assembly consisting of Arduino Nano microcon-
troller board and a custom-designed LED driver board, power is provided and
data can be sent through USB, several triggers can be input/output via a 12-pin
USB-style connector, the probe board is attached using the same connector on
the back side of the board; B) Interface board in a custom-designed enclosure
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4.5 Probe Controlling

4.5.2 Control Software

Control software was developed using Visual Basic .NET (PC interface, Figure 4.19)
and C (Arduino sketch). The PC software offers a graphical user interface (GUI)
showing relevant electrical, optical and thermal information and it allows the
selection of the pnLED channel and current. The software communicates with
the Arduino Nano microcontroller via its serial interface. It sends command
strings consisting of the command name (one character) followed by the command
parameters (one or more bytes). The basic commands are the following: “C”
to set the channel, followed by 3 bytes (3x 0-255=nLED x-, y-, z-position,
cf. Figure A.15), “E” to enable the output followed by 1 byte (1=enabled,
0=disabled), “I” to set the current followed by 1 byte (0-255= minimum to
maximum current, which depends on resistor value) and “T” to enable the

external trigger followed by 1 byte (1= enabled, 0 = disabled/override).

_ LED Probe Contro

*‘1—**———‘_ 825 ym

-@-@@@-@--@@@i* o .

@25um

Iradiance at source [nW/mm3 150 Iradiance at source: 150 mW/mm? [] Ovemide extemal trigger _]
LED maximum imadiance: 425.9 mW/mm? (reached at 1.05mA, 4.62 V» 4.85mW)

Comments
Imadiance needed for activation [nW/mm3 1 Excitable volume: 4.14E-3 mm?, maximum depth: 151.4 ym

Neuronal packing density [1/mm?] 100000  Excitable neurons: 414

Critical temperature increase ['C] 0.5 Pulse width: 20 ms
{} Temperature peak: 1.7 °C, safe distance: 48 ym

Figure 4.19:
Control software (screenshot); Software loads probe profiles including IV- and
LI-data and allows selection of ptLED channel and source irradiance, simulations
for light emission and heat propagation are then interpolated for the selected
stimulation case, showing excitable tissue volume, number of neurons, peak
temperature and safe distance (if above a preset threshold)
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The commands are interpreted by the Arduino sketch running in a continuous
loop. The demultiplexer select lines, corresponding to a ptLED channel, are taken
from a table and the correct values are then output through the shift register
on the driver board. The byte values proportional to the desired pnLED current
are replaced by values to set the current gain of the LED driver (taken from
a table) and shifted out using the three-wire interface. If enabled, an external
trigger pulse is used to switch the LED driver on or off (the trigger is continuously
monitored). Otherwise, this is done when the respective command is received
from the PC software. The Arduino sketch can easily be extended for example to
allow additional trigger inputs or outputs. When a more complicated stimulation
pattern is required (fast switching between nLEDs), the easiest way could be
to bypass the PC software, and instead include all stimulation patterns in the
Arduino sketch, which can then be selectively executed using the different trigger

lines.

4.6 Conclusion

In this chapter the design, fabrication, simulation, characterization and control
of needle-shaped pLED probes were outlined. The probes have been predicted
to be useful for in vivo optogenetics. The following chapter will demonstrate the
functionality of the finished devices, showing how they can be used to stimulate

neural populations in the cortex in a layer-specific manner.
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5 Optogenetic Perturbations
In Vivo Using pnLED Needle
Probes

The previous chapter covered the design and fabrication of nLED probes for in vivo
optogenetics. The aim of this chapter is to demonstrate their functionality and
performance. In order to show depth-dependent neural activation, the mouse
neocortex was chosen (detailed in section 2.1.3). Here the probe is expected to
have a resolution approaching the cellular scale, while covering the full depth.
In the neocortex the six-layered structure is the most prominent anatomical
feature with distinct functional properties [254]. The thickness of each layer is
sub-millimetre with many cell types distributed across layers. Depth-dependent
neural activation would be tremendously helpful in understanding this circuit, but

this is challenging with conventional approaches.

Two novel optogenetic experiments have therefore been carried out and are covered
below. The first experiment is the depth-specific activation of a certain neural
subtype present across cortical layers. The second experiment is the induction
of various spatiotemporal patterns of neural population activity with a simple
pan-neuronal expression of opsins in the cortex. The general idea behind the first
experiment is to pick a certain type of neuron and to understand something new
about it in terms of its function. In this case, a subtype of GABAergic interneurons
was chosen. The next section will therefore give a brief introduction to GABAergic

interneurons in the cortex before a detailed experimental description.

87



5.1 GABAergic Interneurons

5.1 GABAergic Interneurons in the Cortex

In the human brain about 20-30% of all neurons are interneurons (or local
circuit neurons) [255]. In rodents this number lies between 10-20 % [256]. As
opposed to projection neurons, interneurons have short axons and relay information
between neighbouring neurons (Figure 5.1). Interneurons in the central nervous
system are mainly inhibitory and use the neurotransmitter Gamma-Aminobutyric
acid (GABA). These neurons are sparsely distributed across layers with recent
evidence of functional variations [259-261]. In the cortex there are mainly three
types of GABAergic interneurons: neurons expressing the Ca”"-binding protein
parvalbumin (PV), the neuropeptide somatostatin (SST), and the ionotropic
serotonin receptor 5HT3a (5HT3aR). In this study, the focus lies on parvalbumin
expressing (PV+) neurons. These neurons account for ~40 % of GABAergic

interneurons and can be found in layers II-VI. PV-expression has been associated
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Figure 5.1:

GABAergic interneurons in the cortex (after Houser et al. [257]);
A) parvalbumin expression has been associated with basket cells and chandelier
cells (bold); B) Examples of GABAergic interneurons with different somatic
and dendritic morphology (after Ascoli et al. [258])
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5.2 Experimental Setup

with the fast-spiking firing pattern, with fast spiking basket cells and chandelier
cells being the two morphologically distinct subgroups (Figure 5.1 A). These
groups, however, can be further divided into functionally distinct subgroups,
which are not well-defined yet [256,258]. Optogenetic probes with high spatial
resolution could be a helpful tool to further study the different types. Being
able to optically excite individual GABAergic interneurons — in this case using

single-cell transfection — has already been shown to be a very helpful tool [262].

5.2 Experimental Setup

The following in vivo experiments and data analysis were done by Dr Shuzo Sakata
and Dr Tomomi Tsunematsu at SIPBS (University of Strathclyde). The setup
used was the following. Anaesthetized mice were placed in a stereotaxic frame
and body temperature was retained at 37°C. After incision, the bone above the
right sensorimotor cortices was removed and the cavity was filled with warm
saline during the entire recording session. A pLED probe was slowly inserted into
the cortex with a 20° angle and penetrated 1.1-1.5mm. A silicon-based optrode,
containing 32 microelectrodes and an optical fibre (A1x32-10mm-50-177-A320A,
NeuroNexus, see Figure 5.2 A) was inserted slowly and penetrated 1.0-1.1 mm.
Figure 5.2 B shows a schematic of the setup after parallel implantation of the
two probes. The distance between the pnLED probe and optrode was 400 pm
at the cortical surface. For histological verification of tracks, the rear of both
probes was coated with the molecular tracer Dil. Once both probes were inserted
into the target depth, recording sessions were initiated. Each recording session
typically consisted of a non-stimulation period (at least 2min), the intensity
testing period and another non-stimulation period (up to 2min). The
non-stimulation period was for assessing spontaneous neural activity. In the
intensity testing period, optical stimulation from an optic fibre of the optrode
(86.6 mW/mm?) was applied at the beginning, followed by pLED stimulation with

varied irradiances (0.1-150 ™W/mm?) and a repeat optic fibre stimulation. Each

89



5.2 Experimental Setup

A B
— — o
qprobes_400 “Ln aprobe,LED_ZO
A %
i)
(o]
=
s o
5 8 ol
o c (o}
3 3
| N
elec2
elec/l
A A

Figure 5.2:
Parallel implantation of pLED probe and NeuroNexus optrode; A) pLED probe
(right) at an angle of 20° and NeuroNexus optrode (left), separated by 400 pm
at the surface of the cortex (under surgical microscope); B) Schematic showing
the distance and angle between stimulation and recording sites

optical stimulation consisted of 50 ms pulses at 2.8 Hz repetition rate (300 ms
interval) with 100 repetitions. For electrophysiological recording, broadband

signals were amplified relative to a cerebellar bone screw and were digitized at

20 kHz.

The distance digp elec between any stimulating pLED and any recording electrode

from the arrays used in the experimental setup can be calculated as

dLED,elec = (dprobes + (ZLED,n - Zprobe,LED) - sin O5pr0be,LED)

1 ((ZLED,n - Zprobe,LED) - COS Qprobe,LED — <elec,n + Zprobe,elec)2
(dprobes + (ZLED,n - Zprobe,LED) - sin aprobe,LED)Q

where 2pgp  is the position of the n® pnLED from the probe tip and Zelee,n 15 the
position of the n'" recording electrode from the tip, Zprobe,LED aNd Zprobe elec A€
the implantation depths of the pLED probe and the recording probe, respectively,
Oprobe LED 1S the angle of implantation of the pLED probe, and dpyopes is the
separation distance between the probes on the cortical surface. The position of

the n'® LED and electrode (respectively) can be calculated as

Z(LED/elec),n = Z(LED/elec),1 T (n - 1) * P(LED /elec) (5-2)
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5.2 Experimental Setup

with the distance zgp/elec),1 of the first site from the tip and the pitch prep/elec)
between two sites. The normal angle oy gp elec between an electrode and a pLED

on the pLED probe can be calculated as

QLED,elec = —{probe,LED
ZLED,n — <probe,LED ) * COS Oprobe, LED — <elec,n +z robe,elec
— arctan ( P ) = , P . (5.3)
dprobes + (ZLED,n - Zprobe,LED) * Sl (probe, LED

Using these values and the results from the Monte Carlo simulations from sec-
tion 4.3.1, an estimate of the light power at each electrode site can be obtained.

Figure 5.3 shows this for the parameters used in the in vivo experiments described

here.
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Figure 5.3:

Irradiance values on electrode sites when simultaneously implanted with a pLED
probe at an angle; dprobes =400 PN, Qprobe, LED — 2007 Zprobe,LED = 1.1 mm and
Zprobe,elec — 1mm, PLED = DPelec — 50 pm, ZLEp,1 — 87 R, Zelec,1 = 50 pm,
simulated irradiance profile taken from section 4.3.1; irradiance is proportional
to LED light output power (right ordinate), the left ordinate shows the values
for one specific case (current of 1 mA leads to an irradiance of 150 mW/mm? on
the LED)

91



5.3 Signal Processing

5.3 Signal Processing

The next sections describe the techniques used for signal processing. Each data
analysis step will be addressed separately. Some background information will be

given where necessary.

5.3.1 Spike Sorting

All spike detection and sorting took place offline. The recorded data (see Fig-
ure 5.4) was bandpass filtered, a threshold was picked, and PCA was performed on
waveforms over threshold (cf. section 2.3.3). For this process, freely available soft-
ware (KlustaSuite [263]) was used. In the experiment in the PV-IRES-Cre::Ai32
mouse, only single units which fulfilled the following two conditions were analysed:
1) with isolation distance [264] values > 20 and 2) with response probability values
> (.7 to optical stimulation from the cortical surface. Isolation distance is defined
as the Mahalanobis distance from the identified cluster within which as many
spikes belong to the specified cluster as to others and quantifies how well-separated
the spikes of the cluster are from other spikes recorded simultaneously. In the
Emx1-IRES-Cre::Ai32 mouse experiments there was excessive spike overlap dur-
ing optical stimulation, making spike sorting difficult and so spike events were
simply treated as multi-unit activity (MUA). All spike train and LFP analysis
was performed using Matlab (Mathworks).

£l

200 ms

Figure 5.4:
Example of a voltage trace recorded from a microelectrode during optogenetic
stimulation (stimulation periods highlighted in blue)
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5.3 Signal Processing

5.3.2 Depth Estimation of Single Units

As described elsewhere [265,266], the depth of spike-sorted units was estimated
from the stereotaxically measured depth of the electrode tip and spike waveform
profiles. These waveforms allow estimation of the somatic position by attributing
location to the recording site with the maximum peak-to-trough amplitude on an

averaged signal.

5.3.3 Local Field Potentials

Local field potentials (LFPs) refer to the electric potentials in the extracellular
space around neurons generated by the summed electrical current lowing from
multiple neurons close to a recording site [267]. Despite their name, LFPs
are therefore quite non-local compared to spikes. The physiological significance
of LFPs has recently seen a revival as it was realized that they may contain
information about the outside world, which cannot be extracted from spiking data
alone [268]. Action potentials represent the output of the computation performed
by individual neurons. LFPs, on the other hand, reflect the input of a given
cortical area and processing by local neurons (excitatory and inhibitory), which
manifest as slow waveforms [38]. In the present case, LFPs were extracted from
the broadband signal after low pass (< 800 Hz) filtering and re-sampling at 1 kHz

across channels.

5.3.4 Current Source Density Analysis

Neuronal transmembrane currents, resulting from synaptic activity and action
potentials, establish an ensemble of current sources and sinks with respect to
the conductive extracellular medium. Current flowing between sources and sinks
leads to potential differences (field potentials), which can be recorded using
electrode arrays. However, the generated potentials always add algebraically,
which makes interpretation ambiguous. It is therefore desirable to compute
directly the distribution of current sources and sinks, which provides superior
resolution of neuronal events. Current source density (CSD) analysis was first

introduced by Pitts in 1952 [269]. It measures the amplitude of source or sink
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current at any point. The CSD ([,,) is related to the current density J (a
vector quantity measuring amplitude and direction of current flow) through a
divergence operation and the current density is related to the electric field F
through Ohm’s law (with the conductivity tensor o). When magnetic effects are
neglected (V x E = 0), the electric field can be related to the gradient of the
field potential . In summary, the CSD is a scalar quantity related to the second
spatial derivative of the LFP [38,270,271]:

In = VJ =V(0E) = V(o(~V)). (5.4)

When the conductivity is isotropic and homogeneous, this simplifies to I, = —oV?p
(Poisson’s equation). To produce the CSD depth profiles shown in Figure 5.6 using
previously described methods [265,272], LFPs corresponding to the uppermost
and lowermost channels were first duplicated (to be able to apply equation 5.5).
LFPs were then smoothed across spatially adjacent channels to reduce high

spatial-frequency noise components:

B(r) = lo(r+h) +20(r) + o (r— )], (5.5

where ¢ (r) is the LFP at depth r, and h is the sampling interval (50 pm). Next,
the current source density distribution was approximated by calculating the second

derivative D (proportional to the CSD) using finite differences:

I

" = Vi m D =[G+ h) = 25() + 6 — )] (5.6

For visualization purposes, data were linearly interpolated and plotted as pseudo-
colour images, with red (current sink, negative D) and blue (current source,

positive D).
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5.4 Depth-Specific Neural Activation

5.3.5 Classification Analysis

If we want to assess the difference in the neural response to the different stimula-
tion cases, two data processing steps have to be carried out. First, a principal
component analysis (PCA, see section 2.3.3) with singular value decomposition
has to be applied to reduce the dimensionality of CSD depth profiles on a single
trial basis. In this case, signals from the bottom 17 or 19 channels were used. To
eliminate optical and electrical artefacts, a time window from 4-49 ms from the on-
set of optical stimulation was taken. Each CSD map was treated as a single vector
and then a PCA (Matlab pca function) was applied. Secondly, for classification
analysis, 10-fold cross validation for linear discriminant analysis (Matlab crossval
function) has to be performed with the first three PCs mentioned above, then the
overall successful classification rate across all tests can be computed. k-fold cross
validation randomly break the dataset into k partitions, clusters the data based
on all of them except one, and then tests the clustering using the remaining data.

This is repeated for all &k and the results are averaged.

5.4 Depth-Specific Activation of Cortical
GABAergic Neurons In Vivo

A pLED probe was inserted in the anaesthetised mouse neocortex, expressing
Channelrhodopsin 2 (ChR2) in parvalbumin positive (PV+) neurons, which is a
major type of cortical GABAergic interneuron [255,256,258]. To demonstrate
depth specificity, three pLED sites were selected, located at 525, 675, and 775 pm
from the probe tip. To evaluate effects of pnLED stimulation on PV+ neuron
activity and to compare the performance of the pLED probe with a conventional
optic fibre approach, a silicon-based 32-channel electrode probe with an optic fibre
(silicon optrode, Figure 5.5) was also inserted. The two probes were separated by

400 pm at the cortical surface with a 20° angle. As shown in Figure 5.5 A, optic
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5.4 Depth-Specific Neural Activation
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Figure 5.5:

Depth-dependent activation of PV+ neurons in vivo; A) Schematic of probe
insertion and high-pass filtered (800 Hz) signals from two separate recording
channels, which were separated by 350 pm; stim0: optical fibre stimulation from
cortical surface (86.6 ™W/mm?), stiml and stim3 (150 mW/mm2): light stimulation
from top and bottom pLEDs; B) Average spike waveforms of two exemplary
PV+cells across channels, black: spontaneous spikes, blue: optically evoked
spikes, errors indicate the 95 % confidence interval C) Peristimulus time his-
tograms of two PV+cells, s0: surface stimulation (stim0, 86.6 mW/mm?), s1-3:
nLED stimulations (stim1-3, 150 mW/mm?); blue bar indicates light stimulus
and the ticks indicate spike times across 100 trials for each stimulation case
D) Average light evoked responses across different stimulus conditions and irradi-
ances; effects of pLED stimulation sites and irradiance were highly significant in
both cells (top: Fyg = 342.5, F; g = 1153.9, p < 0.00001, bottom: Fpg = 191.98,
Fyi9=2395.2, p < 0.0001, two-way ANOVA); error bars indicate SEM E) Depth
profiles of normalized responses across simultaneously recorded PV+ cells and
across stimulus conditions; pLED number corresponds to stimulus location
(stim1-3, 150 mW/mm?); circle size represents light evoked responses normalized
by sum of responses across three conditions
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5.5 Depth-Specific Neural Population Activation

fibre stimulation from the cortical surface elicited spikes in two different channels,
separated by 350 pm — suggesting different cortical layers. When light illumination
(50 ms, 150 mW/mm?) was provided by the nLLED probe, spikes were preferentially

elicited in one of those channels depending upon which pnLED was used.

To quantify this tendency, single units were isolated and spike rates were measured
over 100 trials across different irradiances (25-150 m™W/mm?, Figures 5.5 B-E). In the
examples in Figures 5.5 B-D, two simultaneously recorded neurons were located at
different cortical depths based on the position of the peak amplitude of the spike
waveforms (Figure 5.5 B). While the surface illumination elicited robust responses
in these neurons, pLED stimulations evoked distinct responses: deeper pLED
stimulation (stim3) elicited larger responses in the deeper neuron, whereas upper
pLED stimulation (stim1) evoked more spikes from the superficial neuron. This
tendency was quantified across different irradiance levels, by showing statistically
significant effects on spiking activity dependent on stimulus location (p < 0.00001,
two-way ANOVA). Further confirmation of this tendency came from analysing
simultaneously recorded PV+ neurons (n = 7) across layers (Figure 5.5 E), which
showed a different magnitude of activation across PV+ neurons depending on
stimulation depth. This demonstrates that ptLED stimulation induces neural

activation, at sub-millimetre resolution, across neocortical layers.

5.5 Induction of Distinct Spatiotemporal
Population Activity across Cortical Layers

Another strength of the pLED probes is the ability to induce distinct spatiotem-
poral patterns of neural population activity invivo, even in the case where an
animal has dense expression of ChR2 across cell populations. To demonstrate
this capability, a similar experiment was performed in another transgenic line
expressing ChR2 across all cortical layers (Emx1-IRES-Cre::Ai32, n = 5). Op-
tically evoked responses across different stimulation conditions were compared

again. First, evoked local field potentials (LFPs) across channels were assessed
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5.5 Depth-Specific Neural Population Activation
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Figure 5.6:

Distinct spatiotemporal patterns of neural population activity induced by nLED
stimulation in vivo; A-D) Depth profile of optically evoked local field potentials
(LFPs); the average LFP (n = 100) in each channel is shown as a function of
time (light on at time ¢ = 0, blue bars indicate light stimulus); note that the
biggest deflection (~-2mV) was observed close to the stimulation site; stim0:
optical fibre stimulation from cortical surface (86.6 ™W/mm?), stim1-3: light
stimulation from top, middle and bottom pLEDs respectively (150 mW/mm?);
E-H) Depth profile of current source density (CSD) as a function of time;
I-L) Depth profile of multiunit activities (MUAs); M) Principal component
analysis (PCA) of CSD profiles; each dot represents a CSD profile for a single
trial (n = 100) and each stimulation condition; N) Percentage of successful CSD
profile classifications (after PCA) as a function of irradiance for the three pLED
stimulations; Emx1-IRES-Cre::Ai32 shown in red (n = 5) and Ai32 mice in
black (n = 3); dotted line is the chance level (three pLEDs); error bars indicate
SEM; **:p < 0.005, ***:p < 0.001 (two-way ANOVA with post-hoc Tukey’s
honest significant difference)
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5.5 Depth-Specific Neural Population Activation

(Figures 5.6 A-D). As expected, conventional surface illumination elicited the
largest deflection in superficial layers (Figure 5.6 A). For stimulation with the
pLED probe, a different depth profile of LFPs was observed, with larger deflection
at deeper channels corresponding to deeper pLED stimulation (Figure 5.6 D).

The current source density (CSD, Figures 5.6 E-H) was computed to determine
the net extracellular current flow into and out of neocortical circuits as a function
of distance [272]. This reinforces the differences between the two stimulation
paradigms, with surface illumination inducing the largest current sink superficially
and the ptLED probe creating distinct spatiotemporal patterns of activation
dependent on stimulus locations. To quantify these activation patterns on a
single trial basis, the data dimensionality was first reduced by applying a principle
component analysis (PCA, Figure 5.6 M), with the first three principle components
explaining 94 % of the variance. Importantly, these CSD depth profiles showed
clear clusters depending on stimulus conditions, indicating different patterns
of activity. Each activation pattern was then classified under the three nLED
stimulation conditions, applying a linear classifier with ten-fold cross validation
(Figure 5.6 N). As irradiance of pLED stimulation increased, the classification
rate significantly improved from a chance level of 33 %. This indicates that the
clusters separate in PC-space, i.e. the induced CSD depth profiles become more

distinctive.

The same procedure was applied in control animals without ChR2 expression
(Ai32 mice, n = 3), to confirm that the classification rate remained around the
chance level (black line in Figure 5.6 N). The significant difference (F} 7 = 75.69,
p < 0.0001, two-way ANOVA) between induced neural patterns in the control
and ChR2 expressing mice demonstrates that the observations are due to ChR2
activation, rather than effects from localised light stimulation alone. Finally, the
observations were confirmed based on multi-unit activities (MUAs) across channels
(Figures 5.6 I-L). Depending on stimulus conditions, the location of peak activity
and activity propagation patterns differed. Thus, using the ptLED probes even
without a complex genetic approach, various spatiotemporal patterns of neural

population activity can be induced in vivo.
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5.6 Histology

5.6 Histological Assessment of pLED Probe
Invasiveness

For the histological assessment of invasiveness of the nLED probes (Figure 5.7), a
mechanical probe was used. It had the same properties as the functional probes in
terms of dimensions and materials and was implanted in two Emx1-IRES-Cre::Ai32
mice under urethane anaesthesia (1.5g/kg). Surgical procedures were the same
as previously described. Before insertion, the mechanical probe was painted
with propidium iodide. The probe was inserted in the sensorimotor area at
three different penetration speeds (2,5,20 pm/s). The penetration speed was
controlled by a motorized manipulator. The probe was penetrated up to 3 mm
from the cortical surface and left for an hour. It was then withdrawn at 2 pm/s to
compare acute damage between different insertion speeds. After the experiments,
the animals were perfused transcardially with physiological saline followed by
4% paraformaldehyde/0.1 M phosphate buffer, pH 7.4. After an overnight post-
fixation in the same fixative, brains were immersed into 30 % sucrose/phosphate
buffer saline, cut into 80 coronal sections with 100 um thickness using a sliding
microtome (SM2010R, Leica), and the sections were mounted on gelatin-coated
slides and cover-slipped with a mounting media. Sections were observed under an
epifluorescent upright microscope. Propidium iodide is not permeant to live cells
and can therefore be used to detect dead cells in a population, whereas EYFP is
used to stain all cells. When looking at the overlay of the fluorescence images of
the two dies, one can see that the dead cells make up a fraction of the whole cell
population and they are confined to a small volume around the probe. This result
is very typical for commonly used silicon-based multi-site electrodes, where the

maximum thickness of commercially available probes is 50 ym.
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EYFP ——— Merged —

— 20 ym/s —— 5 ym/s —

Figure 5.7:
Histological assessment of pLED probe invasiveness; The probe was inserted in
an Emx1-IRES-Cre::Ai32 mouse with 51um/s and 20 pm/s, cell degeneration was
assessed by propidium iodide (PI) staining, normalized PI intensity spectrum
created from top 50 pm of PI image

5.7 Discussion and Outlook

Microstimulation of neural populations has been a tremendously influential ap-
proach for investigating causal links between neural activity and behaviour [273].
The new pLED devices introduced in this work are powerful tools to optogen-
etically stimulate the brain in a depth-dependent and cell-type specific manner.
Although electrophysiological and optical recording of neural population activity
has been performed in many brain areas and species with cellular resolution (even
in freely behaving conditions), technologies for neural control still remain in their
infancy. An important goal in this field is to develop technologies to deliver light
in large volumes of biological tissue with high spatiotemporal resolution. The

pLED probes can overcome several technical challenges toward this end.

Firstly, they can deliver light even in deep brain regions with micro-millimetre
resolution in a minimally invasive fashion. Since silicon-based electrodes can
be implanted in the brain chronically for months, it will be interesting to investig-
ate long-lasting effects of our device in freely behaving animals in the future. As
the design is similar to silicon-based multi-site electrodes, which have been used

over the past decades [186-188,265,274], the nLED devices make it possible to
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5.7 Discussion and Outlook

perform a wide range of experiments with respect to optogenetic microstimulation.
Secondly, the devices are scalable due to integration of light sources on the probe
and the adoption of wafer-scale silicon microfabrication. Once microfabricated,

the probes are easy to integrate into conventional biology labs with minimal costs.

As demonstrated here, there are several immediate applications of the pLED probe.
One particularly useful application is when optical illumination is required at
higher spatial resolution in a deep brain area compared to conventional optical fibre
stimulations. An ideal target is a cell class distributed across functionally distinct
sub-regions in a small volume of brain tissue, such as cortical GABAergic neurons.
This application offers an opportunity to perform in vivo activation of a particular
genetically defined cell-type in a depth dependent manner at a resolution of
10s-100s of microns. Activating a sub-cellular component of a particular cell-type
(such as the apical dendrites of pyramidal cells or axonal terminals in different
input layers in a single brain area) is an interesting application (however, this
is still limited by the available opsin technologies [202]). It is also feasible to
activate a specific group of neurons within a topographically organized brain area,

such as the tonotopic map in the auditory system.

Another application is one where various spatiotemporal patterns of neural activity
need to be induced without employing complex genetic manipulations. While
in this work transgenic mice were used to demonstrate the technology, in many
species it is a challenge to express opsins in a cell-type-specific manner. The pLED
probe offers the opportunity to perform new types of optogenetic experiments with
a conventional molecular biological approach. In addition, a caveat of conventional
optogenetic activation is to generate unnatural, excessive synchronous responses
in a large number of neurons. Even though spatiotemporally organized neural
population activity is a fundamental ingredient of neural coding [265,275-277].
The pLED probe can open up possibilities to artificially mimic the dynamic nature
of neural population activity at high spatiotemporal resolution in vivo. This will
enhance efforts to understand neural function and to develop new strategies to

treat brain disorders.
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5.8 Conclusion

This chapter showed how the nLED probes introduced in chapter 4 can be a useful
tool for neuroscience. Neurons can be optically stimulated locally at different
depths of the cortex, as shown exemplary using two different classes of neurons.
As opposed to parallel implantation of a separate device, integration of electrode
sites on the same probe can allow more localized stimulation and recording of
circuit responses. The pLED devices were therefore upgraded with this feature

and the next chapter will cover the fabrication and characterization in full detail.
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6 pLED Needle Probes with
Integrated Recording Electrodes
for Precise Analysis of Neural
Circuits

In order to use optogenetics as a powerful tool for circuit analysis, optical stim-
ulation has to be paired with a means of feedback. The method of choice for
this is electrophysiological recording. As shown in the previous chapter, the
pLED probes introduced in chapter Chapter 4 can be used in combination with
standard needle-shaped recording probes (commercially available from companies
such as NeuroNexus). In order to achieve more precise feedback when activating
relatively small local populations, this method of a second implanted device is
not ideal. The separation distance is either too large, or, when the probes are
implanted very close to each other, tissue damage becomes a big problem. Typ-
ically, recording probes can only record from and accurately cluster neurons up
to ~50 pm away [267]. It is therefore desirable to have electrodes as close to the
stimulating nLED as possible. To achieve this, they were integrated onto the same
device in this work (devices are still early prototypes). Wu et al. also recently
demonstrated this capability [202]. Although their device contains 3 pLEDs per
shank, the present work demonstrates the scalability of this approach with having
16 nLEDs per shank. This chapter covers the design, fabrication, characterization

and performance of these integrated probes.
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6.1 Device Overview

6.1 Device Overview

The design of the integrated recording probes is based on the stimulating probes

presented in chapter 4, with different electrode designs added on a separate layer.

In Table 6.1 an overview of all recording needle probes is given. Figure 6.1 shows

schematics and images of designed and fabricated devices. Numbers of stimulation

and recording sites and basic dimensions are summarized. The naming of the

probes is explained in section A.2.1.

Name Shanks LEDs Electrodes

.k = |2 = 3

Eili_ ¢ E|l2 2% §E %

= £ %2898 5|88 § i

RS B 2 * #*  F* a | F #  #* 3, ]

a 102 3/6 | 16 50 16 50 L

b 1171 3/6 | 16 50 | 32 [25/75], 25° T

c 102 3/6 | 16 50 64 25, 25 T

d 4 102 3 8 32 128 100 | 16 64 256 50 L

e 102 3 8 32 128 100 | 16 64 256 [25/175],25 T

f 6x0+16L(S) 6 102 3 16 96 384 50 L
g Spacer 0

1 S=short (3 mm), L=long (6 mm)

2 L=linear (EISISISTSTSTSTSTSTOTSTSTOOOOIE T—tctrode WSISISISISISISISIsIIsIaIsIorsIons

3 [x pitch between electrodes / x pitch between tetrodes], y pitch between electrodes

Table 6.1:

Overview of designed and fabricated recording pLED needle probes (also see
Table 4.1) showing number of shanks, LEDs and electrodes, as well as basic
dimensions for various designs (values for 3D designs assume stacking of four
dice); fabricated devices in bold; a-e) integrated devices for stimulation and
recording (the narrow width of the 64-channel devices arises from the anticipated
move to advanced lithography techniques), f) recording-only device (could be
stacked with stimulation-only devices), g) spacer for 3D integration
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6.2 Fabrication

Figure 6.1:

nLED arrays with integrated electrodes; A) SEM of a single-shank device in
front of a schematic, 16 pLEDs in a linear arrangement with a pitch of 50 pm,
shank length is either 3mm or 6 mm, individual tracks lead to the p-contact of
each LED and each electrode, 49 bond pads are located on the right hand side of
the device (including one common n-contact), electrode pitch is 25 pm, tetrode
pitch is 100 pm; B) Picture of a four-shank device during fabrication (prior to
device release); C-E) Overview of designed (and fabricated) probes (images in
front of schematics on PCBs): 1D single-shank, 16 nLLEDs/16 linear electrodes
(Table 6.1a), 2D quad-shank, 32 pLEDs/64 tetrode electrodes (Table 6.1¢), and
2D hex-shank, no pLEDs/96 electrodes Table 6.1 f)

6.2 Fabrication

The integrated probes are an upgrade of the probes introduced in chapter 4.
The fabrication process is therefore very similar up to a point (cf. Figure 4.5,
where some of the following steps have also been explained in more detail).
After the creation of the LED tracks (step 11 in the fabrication of the pLED
probes, Figure 4.5) the fabrication differs as follows. A 1pum-thick SiO, layer
was deposited using PECVD to decouple the two track layers from each other
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6.2 Fabrication

(Figure 6.2, stepil). A second Ti/Al (50/500 nm) layer stack was then sputtered
to form the electrode tracks (stepi2). It was patterned using S1805® photoresist.
Resist was spun at 2000 RPM for 30s, baked at 115°C for 1:30 min, exposed for
2.8 s, post-exposure-baked at 115°C for 1:30 min, developed for ~30s (developer
diluted 1:1) and hard-baked at 115°C for 2min (stepi3). The tracks were etched
(ICP 1 recipe AlRobert, ~1 min overetch after colour change, ~4 min total). The

samples were subsequently cleaned using acetone and IPA for 5 min each (step i4).

Si0, deposition (passivation Al deposition (electrode Photomasking Electrode wires etching
layer, 1 pm) material,.500 nm),

Parylene deposition Photomasking
(passivation layer, 3 ym)

parylene [ |
(_—

i12
tching trenches 2 Backside grinding (to 30 pm)

i16
Parylene removal Die / wire
bonding

and
potting

i20

Figure 6.2:
Fabrication steps of nLED needle probe with integrated electrodes; additional
steps to the nLED needle probe fabrication are required to monolithically create
the electrode structures (following step 11 in Figure 4.5); electrode tracks are
made from aluminium, vias are opened through the insulating parylene layer
and the electrode interface is created through platinum black electroplating
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6.2 Fabrication

A bilayer of SiO, (500 nm total) was deposited (step i5) and photomasked using
SPR®220-7 photoresist (stepi6). Contact pad vias (~1.5um deep) were etched
using RIE 1 recipe iopsio2 followed by a one minute oxygen plasma clean using
RIE1 recipe o2ash (stepi7). Contact pads were created by sputtering of a
50/250 nm titanium/gold layer stack followed by a lift-off process (step i8).

The devices were characterized at this point (see section 6.3) and it was found
that further process optimization of the described steps is necessary to improve
the yield of functional electrodes. After that, the following steps are anticipated
to be necessary to eventually finish the fabrication. First, the samples will have
to be masked using SPR®220-7 photoresist (stepi9) and trenches will have to
be etched by consecutive removal of the SiO,, Ti/Al and GaN layers (step il10).
The samples will have to be cleaned and a 3 pm-thick layer of parylene C will
have to be deposited conformally (stepill). The samples will then have to be
photomasked using SPR®220-7 photoresist (step i12) and plasma etched (RIE 1)
to open electrode and contact pad vias (stepil3). The samples will have to be
cleaned and photomasked again using SPR®220-7 photoresist (stepil4). The
trench etch, which consists of parylene removal followed by a deep reactive ion
etch of ~45 pm, will have to be continued (step il5). The samples will have to be
attached to a carrier wafer and thinned to 30 pm from the back side (stepil6).
The remaining surfaces will have to be coated with 3 pm of parylene (stepil?).
This step is necessary to protect the silicon substrate from getting attacked by the
physiological environment during chronic implantation. Another lithography step
(step i18) will have to be done to remove parylene from the trenches (step il9)

before bonding and potting (step i20).

Parylene processing is difficult and obtaining a complete and stable passivation
is expected to be difficult. The approach taken by Wu et al. [202] could be an
alternative. They have coated just the top side of the probe using SiO, and Al,O,
formed by atomic layer deposition (ALD).
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6.3 Characterization

For preliminary testing purposes, vias were opened in the SiO, layer after fab-
rication stepi8 (Figure 6.3 A). The probes were the characterized by measuring
crosstalk between layers. They were then electroplated in order to measure elec-
trode impedance. Platinization underlined the need for a high quality SiO, layer.
Platinum black formed in many places on the probe indicating pinholes in the

passivation layer.

On a second sample a 1 pum-thick parylene layer was deposited before opening
the vias in order to cover pinholes in the SiO, layer. In this case an individually
addressable electrode could be identified and platinized, as shown in Figure 6.3 B.
Impedance testing was consequently carried out and a value of 1.04 MS2 at 1kHz
was measured. This is still in the expected range, but could be reduced by
electroplating for a longer time or at a different current density in order to
increase the surface area of the electrode. The rough surface topography of the
electrode track underlayer arising from the two-layer fabrication process made the
lithography of the electrode tracks difficult and resulted in discontinuities in the

electrode tracks. The yield of individually addressable electrodes was therefore

A

Figure 6.3:
Recording nLED probe with electrode vias through an insulating layer, electrode
diameter is ~5m; A) Vias through SiO, layer before platinization; B) Vias
through SiO, /parylene layers after successful platinization (individual channel)
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6.3 Characterization

very low, which could potentially be addressed by adding a planarization step
(e.g. CMP) after the LED track passivation in the future. Sputtered iridium oxide
films (SIROFs) could be used as an alternative material for the electrode interface

in the future. In this case a lift-off process can be used instead of electroplating.

Crosstalk between the LED tracks and the recording electrodes was assessed by
measuring the inter-track capacitance. LED track1 was tested with electrode
tracks 1-32 (Figure 6.4 A). Capacitance values in the range of 1-3 pF were found
(6.4B), with the middle tracks having the highest values. This was expected, due
to the distance of the tracks running parallel being longer. When turning on the
nLEDs, crosstalk will raise the voltage of the electrode tracks temporarily. This
voltage will then decay (discharging capacitor) following the relationship

V() = Vi exp (-j) (6.1)

with the initial voltage Vj, time ¢ and the decay time constant 7, depending mainly
on the resistance to ground through the physiological solution, Rsution (Intan

amplifier input resistance is high at ~1.3 GQ2), and the inter-track capacitance,

C(traucks:
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Figure 6.4:
Crosstalk between LED and electrode tracks in integrated pnLED needle probes;
A) Schematic showing electrode track numbers and highlighting LED track 1;
B) Capacitance between LED track 1 and electrode tracks1-32 (cf. panel A,
shorted neighbours were excluded)
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6.4 Probe Controlling

In order to prevent the amplifier from being saturated, which would make the
detection of spikes impossible, an amplifier circuit could be used, which can
temporarily ground the electrodes after the stimulation pulse. Such circuits have
been developed in the past for electrical stimulation, for example by Hottowy
et al. [278] and cope with very large artefacts, allowing the recording of action

potentials 50 s after electrical stimulation on the same electrode.

6.4 Probe Controlling

Several alternatives for establishing a bidirectional connection to the integrated

probes in the future have been designed and are shown below (Figure 6.5).
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Figure 6.5:
Interface hardware for recording pLED probes with up to 32 pLEDs and
64 electrodes; A)Probe board (top) without components and with an edge
connector to interface with a control board (bottom) including demultiplexers
for pLED addressing (32 pLEDs) and an IC (Intan RHD2132) for recording of
neural signals (64 electrodes); B) A compact 48-channel (nLEDs/electrodes)
board with an FFC connector (Hirose FH35-495-0.3SHW); C) An alternative
16-pLEDs/32-electrodes board with Omnetics connector to interface with Intan
recording hardware and pin header to interface with an external LED driver;
D) Probe board with an alternative connector to the one shown in panel A
(Samtec ZA1 Series low profile micro array interposer), matching control board
not shown
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6.5 Conclusion

PCBs based on these designs could be fabricated in the future. The designs make
use of different miniature connector systems. There are convenient options now
for off-the-shelf multi-channel electrophysiological miniature amplifiers. With the
RHD2000 series, Intan Technologies LLC [279] offers 16-, 32-, and 64-channel
amplifiers with a maximum bare die size of 7.3mm X 4.2mm. These include
analogue to digital converters and the output of the digitized data is via an SPI
interface. Since the amplifiers are relatively expensive and the implantable probes
should be considered as wear and tear items, it is not preferable to combine them
on a single PCB. Considering the high number of connections required and the
limited space this complicates the PCB design. Figure 6.5A (bottom) shows
a design, where a 64-channel amplifier has been combined with the 32-channel
demultiplexer array for pLED addressing from section 4.5.1.1, together with a
probe board that can be connected to this controller board. Figure 6.5 B-D show

alternative designs for probe boards making use of different connector systems.

6.5 Conclusion

In this chapter the further development of pLED needle probes (chapter 4) towards
integrated devices for stimulation and recording was described. The adjustments
and additional steps of the fabrication were detailed. Preliminary electrode
characterization was carried out. Further optimization is necessary to allow use
in invivo experiments and control hardware will have to be fabricated. The
devices will open up possibilities for a wide range of optogenetic circuit analyses.
Penetrating devices are limited by their number of recording sites, but in order to
fully understand a neural circuit it is necessary to have relatively large and dense
arrays of electrodes. This is easier to achieve for devices, that do not penetrate
the brain, but record from the surface. The following chapter covers such arrays,

that can be paired with optogenetics to dissect circuits of the retina in vitro.
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[ Transparent Planar Electrode
Arrays for Studying the Retina
In Vitro

As shown in the previous chapters, MEAs offer high temporal resolution electro-
physiological recording from many cells simultaneously. They are therefore also
used extensively to study neural systems, such as that in the retina, in vitro. An
open question is, what resolution is required for recording from all neurons in a
population. This can be studied with the new arrays presented in this chapter,
which have a resolution that is four times higher compared to current devices. The
results from these studies also have implications for future layouts of integrated

nLED neural probes (chapter 6).

When trying to understand the wiring diagram of the brain, the eye is a good place
to start for various reasons. It is relatively easy to approach and it has a planar,
layered structure, which makes is easy to probe. It is possible to stimulate input
cells naturally using light and the output cells lie at the surface, which makes
it easy to record responses. Furthermore, retinal tissue can stay alive for hours
invitro. As shown in section 2.1.2, the RGC density is a function of eccentricity
(Figure 2.3D). In high-density regions close to the fovea there is a maximum
neural packing density of 30000 mm ™2 and conventional electrode arrays fail to
provide the resolution necessary to study the wiring in sufficient detail. A lot of
work has been done on 512 electrode arrays in the past and the number of detected
neurons was always around 300. This was true whether the pitch was 60 pm or
30 pm, meaning that many neurons were missed in the recording. High-density
multi-electrode arrays (HD MEA) are therefore needed for getting a more detailed
glimpse into the computational inner workings of this highly sophisticated organ.

Several electrode arrays with different channel counts based on centred hexagon
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arrangements have been developed in the past [118]. The layouts are based
on centred hexagons, containing a number of 3n (n — 1) + 1 electrodes (with an
integer n > 1). A layout example of a 61 electrode array is shown in Figure 7.1.
The arrays had detection areas of 0.173 mm? and 0.043 mm? (61 electrode arrays
with 60 pm and 30 pm pitch, respectively), meaning each electrode had to record
from 85 or 21.2 neurons to achieve 100 % detection, which is not feasible. If the
electrode pitch was reduced 15 pm, the detection area would be only 0.011 mm?,
with each electrode having to record from just 5.3 neurons, which is step towards

complete recording of all neurons.

Another ongoing difficulty with MEA recordings is the attribution of identified
neural spiking patterns to specific neurons, since conventional triangulation tech-
niques fail to provide the accuracy necessary in densely packed retinal tissue. This
is where the combination of electrophysiological recording and high-resolution
optogenetic stimulation can be useful. For example, by co-expressing an opsin
and a fluorescent protein in a subset of RGCs, they can be activated by optical

stimulation, giving an electrical footprint of a genetically targeted neuron that

1 810 13 16 19 32
5.7 11418 20 7,
2 3.6 12 17 2123
34 331 4 15 22 24 27
35 36 37 39 56:26 28 29 30
38 41 43 50 61 64:32 31
42 44 48 53 59 62 63
" 45 47 51 54 58160
» " 46 49 52 55 57 64

Figure 7.1:
61 electrode array channel map; schematic showing connections between elec-
trode position in a hexagonal array and contact pad position (central section
not to scale)
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can be matched to the fluorescent signal. Subsequent functional studies then
allow the identification of the neural type with morphology. Spike waveforms can
be recorded and matched to waveforms recorded from hundreds of RGCs during

visual stimulation and fluorescence imaging data.

7.1 61 Electrode Arrays

The first fabricated device is a 61-channel array, the mask layout, fabrication and

characterization of which are detailed below.

7.1.1 Mask Layout

The mask layout is based on the mask layout of previously fabricated 61 electrode
arrays [280]; only the central section was changed. Figure 7.2 shows the design
of the first and second generation device with 60 pm and 30 pm electrode pitch,

respectively (panels A, B) and compares it to the new design having an electrode

A B C (new device)
1cm

=T
LSz N

Figure 7.2:
61 electrode arrays (schematic); A) 60 um electrode pitch (cf. Gunning [280]);
B) 30 pm electrode pitch (cf. Gunning [280]); C) 15 um electrode pitch
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pitch of 15 pm (panel C). The inner section was basically scaled down by a factor
of two. The size of the electrode sites was kept at 5pm. The underlying ITO
electrodes are 6 pm in diameter, leading to a minimum track separation of 1.5 um
(localized around electrode sites, 2 pum elsewhere, see section A.4.2). Two 57
photomasks were designed for fabricating three devices per 4” wafer in parallel.
The masks contain the electrode tracks and vias, respectively. Marks for wafer

dicing are also present.

7.1.2 Fabrication

The fabrication of the 61 electrode arrays consists of three main steps: the pat-
terning of the ITO electrode tracks, the deposition of a passivation layer on top
of the array, and via-etching through this layer to create the electrode sites. The
devices are then separated by wafer dicing and after electroplating the electrode
sites (using platinum black to create a good electric interface with the neurons),

the arrays are ready to use. On the surface, the fabrication process appears

Oxide deposition (500 nm) Photomasking Oxide etching ITO etching
] IRRE HH NN B EEEn
SiO,
VMO g Y g B E e
glass
Nitride deposition (1 pm) Photomasking Nitride etching Electroplating (platinization)
(PR

SiN SiNlP'tll
h-llll h-llll n-llll hwm@) |

glass

Figure 7.3:
Fabrication of 61 electrode arrays with 15 pm electrode pitch; fabrication consists
of etching of ITO tracks (with SiO, hard mask) and deposition of an insulating
layer (SiN, ) followed by etching of vias and electroplating using platinum black
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straightforward. However, the production of high-quality arrays, needed for ret-
inal studies, is complicated. Figure 7.3 shows the basic steps in the fabrication of
the 61 electrode arrays. Figure 7.4 shows the central section of an array during

the fabrication.

Wafers were purchased from Thin Film Devices Inc., USA. The substrate material
was Corning® EAGLE XG® display glass. The diameter was 100 mm (~4 inch) and
the thickness was 1.1 mm. ITO was sputter-coated with a thickness of 145+10 nm
and a sheet resistance of 20+2 /0 by the supplier. The coated wafers had a
transmission of 88 % at 550 nm. Masks for photolithography were obtained from
Delta Mask B.V., The Netherlands.

Figure 7.4:
61 electrode array with 15 pm pitch; A) After patterning of the electrode tracks;
B) After passivation and vias etching

7.1.2.1 ITO Etching

After the wafers were scribed with an ID on the back side, they were cleaned in
acetone and isopropanol for five minutes. A silicon dioxide hardmask was then
created using PECVD (section 3.2) recipe 02200 (Table A.13). This is necessary,
since photoresist etches quickly using the ITO etch recipe. Standard S1828® resist
is too thin and lithography of the 2 pm features is already difficult using S1828®.
For the deposition of the hard mask, the wafers were loaded into a cold chamber

(100°C) to avoid shattering of the glass and 500 nm of oxide was deposited at 300°C.

117



7.1 61 Electrode Arrays

This oxide layer was then patterned using a photomask. 500 nm-thick S1805®
photoresist was spun at 4000 RPM for 30s with prior HDMS prime. A soft bake
was performed for one minute at 115°C and the resist was exposed with mask 1
(WIRES) for 3s. The resist was developed in diluted developer (MICROPOSIT®
developer concentrate, 50 % deionized water) for approximately 30s. The hard
mask was etched using RIE 1 recipe iopsio2 (Table A.1) for 18 min (40 % overetch).
The ITO layer was consequently etched using ICP 1 recipe ITOetch?2 (Table A.7)
for 11 min (50 % overetch). The remaining hardmask was removed using RIE 1

recipe iopsio2 (15min).

7.1.2.2 Passivation

Coating the high-density electrode arrays with an appropriate passivation layer is
not straightforward. The layer needs to be thick enough to capacitively decouple
the ITO tracks from the conducting solution on top of the layer. It must also
survive in a heated electrolytic solution (34°C Ames’ Medium) without dissolving.
The thick layer (~1 pm), coupled to the small pitch between the electrode vias,
requires a very low-stress film (see section A.4.1 for background theory). Otherwise,
cracks can develop in the passivation layer after the etching of the vias. The dicing
process also requires a high-quality passivation layer as cracking and delamination
can occur at this stage. A 1pum-thick, low-temperature (200°C), low-stress film
(<250 MPa tensile) of SiN, was therefore deposited using PECVD (Rogue Valley
Microdevices, USA). Ammonia-free PECVD silicon (oxy-)nitride (SiO, N ) layers
could be a potential alternative that can be fabricated with the available tools
(Figure 3.1). Layers produced by the current recipe (Table A.14), however, showed

poor adhesion, leading to peeling during wafer dicing.

7.1.2.3 Vias Etching

A photomask was created using ~2 pm-thick ma-N 1420 photoresist (spun at
3000 RPM for 30s). A soft bake was performed for two minutes at 100°C and the
resist was exposed with mask 2 (VIAS) for 20s. The resist was then developed
(ma-D 533/S) for ~30s. The resist was hard baked for 30 min at 100°C (ramped-up
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from room temperature) to increase etch resistance. Vias were etched using RIE 1
recipe SiN-RS (Table A.2) for 30 min (40 % overetch). The wafers were then
cleaned using acetone and isopropanol, followed by a piranha etch (H,SO, and

H,0,, 3:1).

There is still room for optimization of this process. Firstly, mask alignment with
the necessary precision was very difficult. Ideally, alignment marks would be
formed in the same layer as the electrode tracks. However, the transparency of
the ITO layer makes this challenging. A separate alignment marks mask can be
used, but leads to accumulated registration errors that add up to an unacceptable
level. The vias were therefore finally aligned directly over the tracks in the central
section of the arrays using a negative photomask (mostly clear/glass). A problem
with this approach is that particulates on the mask can lead to out-of-place
etching, destroying the device. A positive photomask, used with a tracks mask
with alignment marks, is expected to help prevent this in the future. In order
to improve the visibility of the alignment marks, a thin reflective metal layer
sputtered over these features (lift-off process) could help improve contrast and
masks have been designed to this effect. Another issue is the SiN etch recipe,
which was found to etch ITO unexpectedly quickly. Also the etch rate was found
to be non-uniform between the large bond pad vias and the small electrode vias.
A process based on SFy is expected to solve these problems, but the process still

needs optimization.

119



7.1 61 Electrode Arrays

7.1.2.4 Electroplating

The procedure for electroplating the electrode arrays with platinum black is to
apply a current of 80nA /electrode (4nA/pm?; see section A.4.3) for ~20s and
until a drop in resistance or a growth of the black platinum spots, indicating an
“overflow” of the electrode vias, can be observed. The platinum solution consists of
1% platinic chloride, 0.08 % lead acetate (for improved adhesion [108]) and
98.92 % water.

7.1.2.5 Alternative Methods for Passivation

Several alternative materials exist, that could be used for insulation. These include
low temperature oxide (LTO), silicon carbide (SiC) and parylene C. SiC has been
used for similar devices by Lei et al. [281]) and, in comparison to SiO, and SiN,
proved to be a very good insulator, due to to low stress and low dissolution
rate. One drawback is the relatively high refractive index of ~2.5 [282] that
may affect the optical transparency required for retinal studies. LTO requires
higher temperatures (425°C) than PECVD SiO, and is a standard process in
many cleanrooms using silane and oxygen [214, p. 51] to deposit. It offers a
higher density film than the PECVD counterpart and so may be more resistant
to dissolution. Parylene C has a slightly better refractive index of ~1.6 [244] compared
to PECVD SiN, (~1.9 [283]). Its electrical properties are also better with an electrical
resistivity of ~10'% Q-m [244] compared to ~10'° Q-m [283] and a dielectric constant of
~3.1 [244] compared to ~7 [283]. The low dielectric constant of parylene C allows for
thinner passivation layers. While SiN_ layers have previously been produced with
a thickness of 1m, the inversely proportional relationship between film thickness

and capacitance means that this number could theoretically be halved.

First tests showed that parylene C might be a possible future replacement for
SiN, (Figure 7.5). Difficulties persist regarding etching and adhesion. Parylene
can only be etched in oxygen plasmas, which have no selectivity over photoresist.
A thick photoresist is therefore needed. For testing purposes, 1.5 num of parylene C
were deposited conformally on the wafers (see Table A.12). The wafers were then

masked with a ~2.5 pm-thick photoresist (ma-N 1420 spun at 1500 RPM for 60s
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Figure 7.5:
Parylene passivation of electrode arrays; A) After conformal deposition of 1.5 pm
of parylene on the electrode tracks; B) After etching of vias through the parylene
passivation layer (delamination visible in the centre); C) After electroplating
using platinum black (two electrodes on right hand side and centre bottom)

and baked at 100°C for 3min). The thick layers lead to the underlying structures
being invisible during mask alignment. The resist was therefore removed from the
alignment mark sections using isopropanol. After exposure of 20 s and development
of ~30's using ma-D 533/S, parylene vias were etched using RIE 1 recipe paryl-RS
(Table A.3) for a total of 7min (40 % overetch) in two runs (to avoid excessive
heating). The photoresist mask was subsequently removed using acetone and
isopropanol. Figure 7.5 B shows delamination in the central section occurring
during photolithography. A soft bake at reduced temperature might help solve
this issue. This adhesion of parylene seems to be the major issue with its use and
is likely due to the physical nature of the deposition technique (i.e. no chemical

bonds are formed at the intermediate surface).

7.1.3 Characterization

Inter-channel capacitance was measured using an LCR meter (LCR-821, ISO-TECH)
to confirm that electrical recording will be possible with low crosstalk between

channels. Figure 7.6 shows the results from this experiment.
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Figure 7.6:
Inter-channel capacitance of a 61 electrode array with 15 1um electrode pitch
(channel 1 and neighbouring channels)

Inter-channel capacitance was found to be low with values very similar to those of
the large-pitch arrays [280]. As expected, the inter-channel capacitance exhibits

an inversely proportional relationship to the channel separation distance.

7.2 519 Electrode Arrays

Arrays with high electrode counts have been successfully fabricated previously.
They consisted of either 512electrodes in a rectangular arrangement [169] or
519 electrodes with 30 pm pitch in a hexagonal arrangement [280,284]. In this
work, the fabrication design (Figure 7.7) and process flow for the 519 electrode
arrays was adapted to the available tools (chapter 3) and processes have been
modified to improve yield and fabrication cost. Part of the process had been
successfully tested in the fabrication of the 61 electrode arrays (section 7.1.2) and
could therefore be reused for the fabrication of larger area high-density electrode

arrays.
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outer section
— inner section—

Figure 7.7: 519 electrode array with 30 pm electrode pitch (schematic), central
section in detail, electrode tracks are patterned using a two-step process (high
resolution inner section and low resolution outer section)

The titanium hard mask previously used in the fabrication [169] was found to
be not well-suited. Titanium particulates deposited during sputtering, leading
to points of increased layer thickness, which translates to high numbers of shorts
between neighbouring tracks after etching (81 % shorts measured, n = 3 wafers).
In order to reduce this number, a SiO, hardmask (cf. 61 electrode array fabrication)
was chosen. This was possible, since the revised fabrication no longer relies on
electron beam lithography, which required a reflective substrate to ensure accurate
mapping of the surface needed to stitch electron beam field of views together. ITO
on glass wafers were consequently coated with 500 nm of SiO, (Figure 7.8, step 1)
using a low-temperature deposition (Table A.13). They were then coated with
photoresist and the inner section of the arrays (Figure 7.7, four on each wafer,
high resolution, 1 pm minimum feature size) was patterned by an optical stepper
at the Stanford Nanofabrication Facility, USA (SNF, step 2). The move away
from electron beam lithography helped significantly reduce time and cost of the
fabrication. However, the maximum size of the pattern that can be exposed is
18 mmx 18 mm, meaning a second (low resolution) lithography step is required

to pattern the outer section of the arrays. After the lithography, the SiO, hard
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Figure 7.8: Fabrication of 61 electrode arrays with 15 pum electrode pitch; fabric-
ation consists of etching of ITO tracks (with SiO, hard mask) and deposition of
an insulating layer (SiN, ) followed by etching of vias and electroplating using
platinum black

mask was etched (step 3). A 5” photomask for creating the outer section of the
MEAs was designed and purchased from Delta Mask B.V., The Netherlands. The
mask covers the central section of the arrays with a square (17.5mmx17.5 mm),
leading to an overlap between the electrode pattern on the mask and the patterned
central section on the wafer of 250 pm on each side. Using 2.8 pm-thick S1828®
photoresist, the outer section was patterned photolithographically (step 4) and
the SiO, layer was etched using the same process as for the inner section (step 5).
The photoresist was removed using acetone and isopropanol and the ITO tracks
were etched on the whole arrays (step 6), followed by the removal of the remaining

SiO, (step 7).

This process improved the quality of the arrays, but the level of shorts is still
unacceptably high at 15 % (n = 3wafers). In order to achieve acceptable yields in
the future (>97 % functioning electrodes), two changes will be made. Firstly, the
SiO, hardmask will be deposited externally (Rogue Valley Microdevices, USA)
to improve film quality. Secondly, wafers with extra high flatness (peak to valley

variation across wafer) will be used. The standard product from Thin Film Devices
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is specified at 5\ (at 632nm), corresponding to a flatness of 3.16 pm. Wafers
with a flatness of 158 nm (A/4, the highest quality available) are expected to
increase yield by improving the photolithography process using the optical stepper.
Another issue has been the wafer thickness, for which 1.1 mm is just at the limit
of the lithography tool. Wafers with a thickness of 0.8 mm will therefore be used.
The radius of curvature of the wafers must be kept high (>30m, cf. section A.4.1),
requiring low stress in the deposited layer stack. The mask design has been
changed to include alignment marks in the ITO pattern of the central section
(for aligning the outer section and the vias). As with the 61 electrode arrays,
selectively adding a sputtered metal layer over these features could furthermore

help improve the poor contrast when aligning.

7.3 Readout Hardware

The multi-channel miniature amplifiers introduced in chapter 6 offer a compact,
low-cost and easy-to-use alternative to previous custom-built hardware. In order
to interface with the miniature amplifiers systems, (RHD2164, Intan Techno-
logies LLC, USA), an adapter board was designed using EAGLE PCB design
software [237] (Figure 7.9 A). The fabrication was done by Eurocircuits N.V.,
Belgium [238]. The adapter board allows insertion of a 61 electrode array in the
middle section. It can be clamped with the previously-used standard custom-built
clamp (Figure 7.9 B). The contact pads are connected to two Omnetics Nano-Strip

connectors (one on each side of the board) mating with the amplifier board.
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Figure 7.9:
61 electrode array adapter board; A)Schematic of 61 electrode array adapter
for interfacing with a miniature amplifier system (RHD2164, Intan Technolo-
gies LLC, USA) using Omnetics Nano-Strip connectors; B) Machined array
holder

7.4 Outlook

In order to study larger sections of the retina at high spatial resolution, a new
generation of electrode arrays is needed. Since all electrode tracks need to be
routed out individually, the fabrication becomes increasingly difficult. The next
sections shows mask designs that have been created, demonstrating scalability
of the devices, but bordering on the limits of what can be fabricated with the

conventional tools.

7.4.1 512 Electrode Arrays, Second Generation

In the second generation of 512 electrode arrays the electrode pitch is reduced
from 30 pm to 15 pm. Additionally, the mask design is optimised, so that only
one mask is required for patterning the ITO tracks (see Figure 7.10). This is
achieved by designing the array rotationally symmetric. The mask therefore has
to hold just one quarter of the track pattern. The whole image is created by a
stepwise shift and rotation of the mask by 90°. The minimum feature size in
this design is 0.5 pm and the diameter of the area covered by the electrodes is

0.375mm. The excellent alignment accuracy of current optical stepper models,
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Figure 7.10:
High density 512 electrode array (schematic) with 15 pm electrode pitch, central
section in detail

which is in the range of nanometres, means that devices can easily be produced
using a stitching method such as the one described here. Multi-layer lithography
could be investigated as an alternative for future designs in order to increase the
line width and therefore reduce the possibility of breaks in the electrode tracks,
but it has its own disadvantages. These include increased layer stress, which
might lead to cracks, difficult lithography due to a rough surface topography of
underlayers (unless CMP is used), crosstalk between layers, and a decrease in

optical transparency.

7.4.2 2048 Electrode Arrays

In this configuration the number of electrodes is increased by a factor of four.
Once again the design makes use of rotational symmetry (cf. section 7.4.1). Masks
are designed for two electrode pitches: 60 um and 30 pm, leading to minimum
feature sizes of 1.5 um and 0.75 pm, respectively. The diameter of the area covered

by the electrodes is 3.0mm and 1.5 mm, respectively (see Figure 7.11).
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Figure 7.11:
High density 2048electrode arrays (schematic), central section in detail;
A) 60 pm electrode pitch, B) 30 pm electrode pitch

7.5 Conclusion

This chapter covered the adjustment of established planar array designs to allow
studies of the retina in regions of high neural packing density. The electrode pitch
was reduced by 50 %, approaching the limits of what can be fabricated with the
available fabrication tools. New electrode arrays have been designed. High-density
electrode integration is essential when trying to record from closely-packed neurons.
This concludes the main experimental part. The next section will focus on future

developments on the presented devices.
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8 Future Work

As shown in the previous chapters, optogenetics is a powerful tool for neuroscience
and microfabricated devices can be very helpful for optical stimulation and
electrical recording. In order to fully exploit the opportunities offered by the
biological toolkit, various features can be envisaged, that could be implemented

in future devices. Some of these features will be described below.

8.1 pLED Needle Probes

pLED probes have been shown to be a useful tool for neural circuit analysis.
Other (or more advanced) experiments require certain modifications. These
include wireless, chronic implants, multi-colour stimulation and high-density

probes, scaled up in three dimensions.

8.1.1 Wireless Probes

A major goal in neuroscience has been to establish how networks of neurons
link to behavioural responses. This has proven extremely challenging due to
the complexity of the problem. In order to have the best chance of success,
experiments are designed where the measurement equipment has the minimal
effect on the behaviour of the animal. In terms of technology development, this
often requires wireless power delivery and communication with an implanted probe
to allow in vivo experiments to be carried out not only in a head-fixed configuration,
but also in freely moving animals. Apart from using batteries [285], a range
of different methods for energy transfer already exist for optogenetic devices.

These include photovoltaics [286] and radio frequency transmission [147,148].
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Kendall Research Systems offers commercial wirelessly-powered current sources
that can be combined with any multichannel LED stimulation system (up to four
channels) [287]. Limitations arise from weight restrictions. When batteries are

used, this also puts a limit on the duration of the experiment.

8.1.2 Multi-Colour Probes

A big interest lies in using advanced optogenetic stimulation, where two or more
opsins are used in parallel, for example to study how different synapses or pathways
interact to encode information in the brain [66], or for bidirectional control of
locomotion [62] using excitation and inhibition. Multi-colour probes could be a
very useful tool for these purposes. There are several different approaches that
can be taken for their fabrication. The probes can either be made monolithically,
which means that all the pLEDs initially emit at the same wavelength and some
additional processing is required to selectively change the colour on a defined
subset. The alternative is to separately fabricate pLEDs of different colour and
to then combine them by transferring them to the probe. These options will be

examined below.

8.1.2.1 Colour-Tunable LEDs

Colour-tunable pLEDs would be the ideal solution since they allow stimulation
using different wavelengths at any fixed location. Colour-tunable devices have
been made (among others) by Zhang et al.. They describe the fabrication of a
device that changes its emission wavelength from 600 nm to 550 nm depending on
the current flowing through the LED (0.1 mA to 80mA) [288]. The drawback of
this method is that the colour is linked to a certain brightness through the current
density. The only way to get around this is by using pulse width modulation, which
is expected to lead to artefacts in the electrophysiological recordings. Furthermore,
the wavelength shift is relatively small to be useful. Stacked RGB OLEDs can

also offer colour tuning and could be investigated as an alternative.
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8.1.2.2 Colour Converters

Colour converters are another method for obtaining single-substrate probes capable
of multi-colour stimulation. Colour converters are coatings, that absorbs up to
100 % of the light emitted by the pLEDs (depending on the thickness) and then
re-emit light at a different wavelength. The technology is widely used. Yellow
phosphors on blue LEDs are the standard method for producing white LEDs for
lighting applications. At present, colour converters have efficiencies that are high

enough to be suitable for optogenetic probes (maximum efficiency ~15%).

The colour-converting films are difficult to pattern lithographically, which is
why other methods for selective deposition have to be found. One possible
method is ink-jet printing. Commercial ink-jet printers (e.g. FUJIFILM Dimatix
DMP-2800 Series) can precisely eject droplets with volumes as low as 1pl (corres-
ponding to a hemispherical droplet with a diameter of ~16 um). Another approach
makes use of the pLED light sources themselves (Figure 8.1 A).

A light-cured epoxy_  Yellow light ~ quantum dots in
soluble epoxy matrix
B C —_
o =
8 g 0.8 h
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Sm 0.2
350 450 550 650 750
Wavelength [nm]
Figure 8.1:

Selective deposition of colour converters on pLED probes; A)Schematic;
quantum dots embedded in a epoxy matrix act as colour converters; after
dip-coating the probe, the epoxy can be cured by light emitted from individu-
ally selected pLEDs and their quantum dot coating; uncured epoxy can then
be removed using solvents; B) Image of a processed probe, blue and yellow
nLEDs turned on; C)Emission spectrum of a pLED after deposition of the
colour converter
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By using a light-curable epoxy mixed with the active material, the probes can be
dip-coated completely, followed by a selective curing using the nLEDs. To demon-
strate the feasibility of the process, colloidal quantum dots (alloyed CdSe/ZnS,
5.5-6.5nm diameter, Cytodiagnostics, Canada) were mixed in an epoxy (E131,
Ossila, UK) using a concentration of 100 mg/mi. A pLED probe was immersed in
the solution and selected pLEDs were turned on for ~4 min using at an irradi-
ance of ~250mW/mm2 which cured the epoxy. Excess epoxy was removed using
toluene. The performance of the resulting device is shown in Figure 8.1 B (image
of the multi-colour device) and Figure 8.1 C (emission spectrum). As apparent,
the quantum dot concentration was too low for full colour conversion. Higher
concentrations were also used, but led to the epoxy becoming incurable. Further
experiments will have to be carried out. Using different solvents, fully absorbing
layers with thicknesses of 100s of nanometres can currently be fabricated at the
institute. A wide variety of colours could potentially be produced this way, opening

up possibilities for advanced optogenetic control.

8.1.2.3 Transfer Printing

In order to obtain more efficient devices, a technique called micro transfer printing
(nTP) can be used. One example of transfer-printable nLEDs fabricated within the
scope of this thesis is shown in Figure 8.2 (additional information in section A.3).
Transfer printing allows the separate fabrication of thin microdevices (in this
case nLEDs) and a target substrate (in this case micro-needles). Using a stamp
made of a polymer such as polydimethylsiloxane (PDMS), the pLEDs can be
picked up. They are then transferred to the target substrate using a micro- or
nano-positioner. The technology makes use of the different adhesion strength of
the printable device to the elastomer stamp and the target substrate depending
on the stamp velocity. pnTP was first developed by Rogers et al. [289] and then
commercialized by X-Celeprint, now offering transfer printing of up to 48,000
devices with an accuracy of 1.5 um using a highly automated process [290]). The
technology has also been adopted at the Institute of Photonics and refined to
allow nanoscale positioning [291] of 50 pm wide pLEDs [292]. When moving to
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Figure 8.2:
Transfer-printable pLEDs attached to the substrate by narrow (12 pum) anchors,
contacted with a gold anode and a surrounding cathode; A)100pum wide
square-shaped pLED, 30 pm-diameter circular mesa; B) 200 pm wide square-
shaped pLED, 65 pm-wide square mesa; C) Device from panel B probed during
fabrication, light is mainly emitted through the back side

other substrates, on which LED epistructures cannot be grown, transfer printing
becomes necessary. The move is useful for improving thermal management, as
described in the following section. Preliminary work on neural probes been done
at the Institute of Photonics [293]. Others have also recently begun working on
needle probes based on LED transfer technology [294].

8.1.3 Thermal Management

As shown in section 4.3.2, the thermal properties of the silicon substrate limit the
operating range of the pLED devices. Highly heat conductive substrates, such
as diamond, can be used to enhance this range. With a thermal conductivity of

990 W/m.x (compared to 130 W/mk for silicon, see Table 8.1), higher power operation

‘ Silicon Diamond

Density p [k8/m3] 2329 3515
Heat capacity Cp [//kgK] 700 520
Thermal conductivity & [W/mk] | 130 990

Table 8.1:
Thermal properties of silicon and diamond (from COMSOL materials library)
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becomes possible allowing light penetration further into the tissue. Diamonds are
commercially available either on silicon substrates [295] or as thin (i.e. 50 pm)
free-standing platelets or membranes with diameters of up to 80 mm [296]. These
platelets can be processed after capillary bonding them onto a silicon carrier
wafer. Graphene [297] based coatings have also been shown to improve thermal

conductivity significantly [298] and could be investigated.

As apparent in the thermal simulation results, temperatures along nLEDs close to
the probe tip are considerably higher compared to those further down on the shank
(Figure 4.9 B). To overcome this problem, the probe shanks in future designs can
be extended so that heat from all LEDs can be conducted away from the source.
There is a trade-off between shank extension and tissue damage, which has to be

considered in the design.

Thermal restrictions can be eased further by employing other opsins [66,76], which
are more sensitive than commonly used ChR2 and allow activation with irradiances
that are orders of magnitude lower. This means that the peak irradiances needed
to excite a certain volume also drop by orders of magnitude. For example, to
replicate the results from chapter 5 using the opsin Chronos, we would require only
15mW/mm? (compared to 150 mW/mm?) to excite the same volume and the resulting
reduction in electrical power means almost any combination of pulse duration
and duty cycle keeps the peak temperature below 0.5°C (cf. Figure 4.10). New
opsins will open up new possibilities for complex, massively parallel optogenetic

stimulation patterns using multiple nLEDs.

8.1.4 LED Addressing

Apart from opening up the possibility to employ improved heat-sinks, the move
to transfer-printed pnLEDs also allows the use of a variety of advanced addressing
mechanisms. Since the transfer-printed pLEDs do not have to have a common
cathode, matrix addressing becomes available. This can dramatically reduce
the number of tracks needed, which would otherwise soon become a bottleneck
when scaling up the number of stimulation sites (see Table 8.2). Monolithic

devices could also be addressed this way by etching off the p-GaN and thereby
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insulating the mesas, but a highly resistive (silicon) substrate is needed. Using
charlieplexing [299], which makes use of the fact that current flow in LEDs can
only be in one direction, an even higher number of pLEDs can be addressed using
very few tracks. This could be very helpful particularly when using hard-to-pattern
flexible substrates. Figure 8.3 shows a possible future design making use of matrix
addressing. By having 16 tracks on each shank (as on the devices fabricated
before, introduced in chapter 4), up to 64 nLEDs per shank could be controlled
individually. When multiple shanks are used, the number of bond pads required

can be kept low (e.g. 48 pads for 576 nLEDs) by also addressing the shanks in a

Number of tracks
1 2 4 8 16 32 64 128 n

Common cathode |0 1 3 7 15 31 63 127 n—1
Matrix addressing | 0 1 4 16 64 256 1024 4096  |7/2] - [7/2]
Charlieplexing 0 2 12 56 240 992 4032 16256 n°—n

Table 8.2:
LED addressing schemes; number of addressable LEDs using a certain number of
tracks and wiring methods; multiplexing can help overcome fabrication problems
arising from standard addressing

9x64 LEDs

Sty -
E::

matrix_routing

Figure 8.3:

Nine-shank multiplexed probe containing 576 pLEDs (schematic); tracks can
be routed in a way that allows to have 64 pLEDs on each shank (controlled
by 16 (848) tracks, keeping the shank width small), matrix routing is detailed,
showing two perpendicular layers of tracks connected through vias; a total
number of 48 (244-24) contact pads is needed on the far end of the probe; the
substrate can be diamond for better heat transfer and the pLEDs can have
multiple colours (blue/yellow shown)
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matrix fashion. As shown, this routing can be done on the far end of the probe.
Matrix addressing has the problem that it reduces flexibility in the biological
experiments. For example in some cases it might be necessary to simultaneously
activate certain layers in the cortex, whereas with matrix addressing the possible
combinations of LEDs are strongly limited. Fast switching between LEDs could

instead be used, but this also strongly increases crosstalk artefacts.

A further alternative is to include active addressing circuitry including current
sources/sinks on the silicon shank. pLEDs could then be transfer-printed directly
onto their dedicated drivers. The advantage of this approach is the ability to turn
on several ntLEDs at a time without the need for fast switching. One limitation is
the need to use silicon as a substrate to be able to use commercial semiconductor
foundry services. This removes the possibility of using substrates, such as diamond,

to mitigate thermal issues.

8.1.5 3D pLED Arrays

Chip stacking is a standard process in industry now [300] (Figure 8.4 A). Therefore
it is expected to be relatively straightforward to produce three-dimensional devices
based on the probes that have already been fabricated. Figures 8.4 B, C show
how chip stacking could be used. Several 2D multi-shank arrays could be stacked
on top of each other separated by a spacer (photomasks have been made for

producing the spacers, see Figure A.3). Using thin (e.g. 0.5 mm) double-sided

Figure 8.4:
3D chip stacking; A) Example from 2007: stack of 20 chips, each with a thickness
of 30 um [301]; B, C) Multi-shank pLED arrays (schematic), probes die-bonded
to both sides of a thin double-sided PCB and stacked, separated by a spacer,
B) 16-shank 3D device (4x4 shanks), C)24-shank 3D device (4x6 shanks)
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PCBs, probes could be placed on both sides with the PCB itself acting as a
spacer. Since the individual chips can be electrically isolated, a multitude with
e.g. 384 (4x96) nLEDs could be controlled easily using multiplexing between chips
and just minor modifications to existing control hardware (include four current

sinks).

8.1.6 Further Improvements

Passivation The passivation could be improved to allow long-term use. Ox-
ide/nitride stacks [302, p. 211] or silicon carbide [281] could be used as a stable

diffusion barrier to improve chronic in vivo stability of the devices.

Micro-Lensing Micro-lenses could be utilized for focusing the light emitted by
the nLEDs. The technology has been developed at the Institute of Photonics in
the past [303]. The diameter of the lenses can be close to the diameter of the
nLEDs, but the thickness of the probes will increase. Furthermore, the separate
fabrication of micro-lenses with the required shape using suitable materials and

integration with the probes is expected to be difficult.

LED driver The LED driver can potentially be improved by using a circuit
based on an operational amplifier, which is expected to give better control over
the current over a wider range. Since only one current source is required when
multiplexing, a simple circuit (as shown in Figure A.16) could be realized using

only few components.

8.2 pLED Probes In Vivo

Using the high-density two-dimensional nLED arrays, one interesting feature, that
could be studied, is the receptive field of a neuron. Receptive field mapping has
been carried out extensively for retinal ganglion cells in the past [33]. Using opto-
genetics and 96-Channel hex-shank probes, similar experiments can be conceived

in the cortex (shown in Figure 8.5).
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random uLED
stimulation .~

Figure 8.5:
Optogenetic receptive field mapping in vivo; a two-dimensional pLED array
is implanted alongside a single-shank recording probe; receptive fields can be
studied by randomly switching through all pLED channels; non-correlated
neuronal firing averages out, whereas correlated firing can be detected

8.3 Recording yLED Needle Probes

Similar improvements to the ones described before can also be made to the
recording pLED probes. Two future directions are outlined below. These are

wireless probes and on-chip electronics.

8.3.1 Wireless Probes

As mentioned in chapter 6, wireless probes are very useful for the neuroscience
community. Probes that offer both stimulation and recording capabilities, how-
ever, pose further challenges to the interface due to the very high amount of
electrophysiological data produced. One option would be to save all data locally
and only read it out after the experiment. This, however, would provide no means
of direct feedback of the recording quality. A wireless interface, on the other hand,
would have to have a high bandwidth. Assuming a sampling rate of 20 kHz and a
resolution of 12 bit, the interface needs to be able to transfer 240 kbps per channel,
or 7.68 Mbps using 32 channels. One possibility to transfer this data is by using an
optical link consisting of a transmitting LED and a receiving photodiode (visible

light communication, the basis of Li-Fi technology [304]). This is currently under

138



8.3 Recording nLED Needle Probes

development. The power consumption in addition to the power consumed by the
nLED probe (depending on irradiance required) is expected to be around 40 mW.
This is to power a 32-channel amplifier (~18.5mW), an LED for transmitting the
digitized data stream (~6.5mW) and a microcontroller unit (~15mW).

8.3.2 Electronics On-Chip

Including the electronics for pLED control (current sources) and electrode readout
(amplifier and serializer) onto the probe will be a necessary move when scaling up
the number of stimulation sites and especially recording sites. Once again, this
would entail the move to transfer-printed ptLEDs, so that all the circuitry could
be fabricated using conventional CMOS processes at a standard foundry. One
limiting factor in this case is the power consumption of the integrated circuits.
Assuming a PCB can dissipate heat at a rate of 10 W/k.m? [305, p. 348] and it
has a size of 1cm?, the PCB would be able to dissipate (on two sides) 2mW/k. If
the PCB is allowed to heat from room temperature to body temperature (~10°C
increase), the electrical power of the integrated circuitry will have to be below

20mW (100 mW if a 5 cm? PCB is considered).

8.3.3 3D LED / Electrode Arrays

As detailed for the (stimulation only) pLED needle probes (section 8.1.5), advanced
devices incorporating recording electrodes can be created by stacking of two or more
chips. In this way, three dimensional arrays of integrated pLED /electrode probes
could be made as shown in Figure 8.6 A (e.g. using four of device 4 x8+16L(S)).
Electrode-only probes (i.e device 6 x0+16L(S)) could also be combined with pLED-
only probes (i.e device 6x16(S)) to produce devices as shown in Figure 8.6 B and
similar to what was used in in vivo experiments described in chapter 5. Additional
effort will have to be put into designing matching high-density PCBs that contain
demultiplexer switching circuitry and several amplifier chips (cf. Berényi et al.

[188)).
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Figure 8.6:
3D multi-shank pLED /electrode arrays (schematic); A) 16-shank 3D device
(4x4 shanks); B) 24-shank 3D device (4x6shanks)

8.4 Planar In Vitro Electrode Arrays

Next generation high-density (cf. section 7.1) and very high-density (cf. sec-
tions 7.4.1 and 7.4.2) transparent planar electrode arrays for inwvitro use have

been designed.

The impact of the reduced electrode pitch on the neural recordings will now be
evaluated. For the 15 pm-pitch 61 electrode arrays this can be done by spatial
undersampling (Figure 8.7). Selectively masking a part of the electrodes produces
arrays with equivalent pitches of 30 pm and 60pm, respectively, just like in

previously-fabricated lower-density arrays.
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Figure 8.7:
Spatial undersampling of electrophysiological data recorded using a 61 electrode
array (15pum pitch), active channels in black; A) All 61 channels active (15 pm
pitch); B) 19 out of 61 channels active (every 2", equivalent to 30 pm pitch);
C) 7 out of 61 channels active (every 4'®, equivalent to 60 pum pitch)
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8.4 Planar In Vitro Electrode Arrays

One thing to note is that when reducing the electrode pitch, the ratio of black

space (platinized electrodes) Tk on the array increases. It can be calculated as

elec (81)

with the electrode diameter d... and the electrode pitch pee.. While the ratio
is only 0.5% at a 60 pm pitch, this number increases to 8.7 % when the pitch is
reduced to 15 pm. Conductive hydrogels (e.g. PEDOT [110]) could be investigated

as alternative materials to maintain transparency.

141



9 Conclusion

The brain is a tremendously complex system with its 10! neurons and 10 syn-
apses. Optogenetics, can be a helpful tool to untangle the brain’s neural circuits
and understand the underlying functional mechanisms by allowing selective light-
mediated control of neural subtypes. Further improvements in the biological
constructs are constantly being made, leading to higher light-sensitivity and more
discrete excitation spectra. The biological tools by themselves, however, are not
sufficient. Disruptive advances are needed in the field of microsystems engineering
to non-destructively interface with the brain’s building blocks for both stimulation
and recording. In this work several different optoelectronic microdevices were
introduced that will hopefully prove useful on the way to developing a deeper
understanding of the functioning of the brain. The new devices focus on different

parts of the brain that can be studied in vivo and in vitro.

Implantable pLED probes were developed, fabricated, characterized and tested
invivo in the mouse cortex. Unlike many other devices (LED- or fibre-based),
the presented probes allow optical stimulation of deep brain structures in a site-
specific fashion. The density and coverage of the the light sources is higher than
in competing systems (multipoint-emitting optical fibres [156,157] and integrated
GaN-on-Si nLED probes [202]) and previously fabricated sapphire-based pLED
probes (McAlinden et al. [133,160]). pLEDs have been shown to be good light
sources for multi-point stimulation due to their relatively low implantation damage
(cf. waveguide-based approaches, Zorzos et al. [154,155]) and their scalability
(unlike fibre-based technology). nLEDs have a sharp emission profile and light
output that can be tuned over a wide optical power range. Notably, thermal
properties have also been shown to be at acceptable levels, with a 0.5°C increase

in brain temperature still allowing optogenetic stimulation of neurons at relevant

142



Conclusion

frequencies and pulse widths. While waveguide-based probes suffer from incoupling,
outcoupling and transmission losses, in pLED devices the outcoupling of the light is
the only concern. To address this, a thin metal film could be used as a mirror which
directs light out through the LED’s front surface. This technique, however, can
only be employed easily when working with transfer-printed membrane-like pLEDs.
In the case of GaN-on-Si, a lot of development would have to go into changing the
growth process of the material. One other measure that could be taken is to create
a roughened pLED surface — for example by wet etching — to counteract internal
reflections. pLEDs can be the basis of many future advancements, several of which
have been sketched out. pLEDs could be used to further scale up the number of
light sources and allow advanced experiments including combined excitation and
silencing of neurons, as well as those involving chronic implantation and freely
behaving animals. Behavioural experiments seem relatively straightforward with
pLED-based devices, compared to laser-based probes due to the compactness of

the setup. However, the long-term tissue reactions still have to be studied.

Although significantly large neural populations can be excited using pLED-based
implantable probes, the maximum tissue volume that can be targeted at high spa-
tiotemporal resolution is still limited. Depending on the experiment, multiphoton
techniques could offer more flexibility. Optogenetic perturbations can be carried
out, superficially covering the whole brain. Behavioural experiments, however,
are limited due to the to the complex setup and the maximum light penetration
depth is a problem that the nLED probes presented here can overcome. Since
a large interest lies in getting a deep understanding of small subsystems of the
brain, these probes remain a very useful tool. A different, very scalable technique,
that aims to combine the invasive and non-invasive approaches is currently being
developed by Chamanzar et al.: tetherless microdevices that can be positioned at
various locations in the brain, absorb light at wavelengths that can propagate well
through tissue, and emit at wavelength relevant for optogenetics [306], similar to

neural dust [307,308]. Results from future experiments remain to be seen.
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Recording probes consisting of linearly arrayed electrodes on a needle-shaped
silicon substrate are a standard tool used in neuroscience experiments. This
concept can be integrated into the design of the pnLED devices, as demonstrated
by first fabrication tests. When state-of-the-art microfabrication techniques are
used, high-density tetrode structures fully covering large distances could also be
created, allowing the parallel recording of large populations at the resolution of
individual neurons. Competing probes use a single-layer process (Wu et al. [202]),
which means the number of stimulation and recording sites is very limited. Also,
integrating high-density electrodes onto waveguide probes is problematic, since
the waveguides occupy a lot of space and require high-density lithography. There
is also no straightforward method for incorporating electrodes onto multipoint-
emitting optical fibres [156,157], whose fabrication is based on standard methods.
Thermally drawn fibres are one approach that can include electrodes. Depth-
specificity, however, still remains to be shown. The approach taken here is therefore
expected to give very positive results in the future. It is competing with optical
methods, which are getting better very rapidly [99], but again are limited by a

maximum depth and complicated setup.

In order to demonstrate how high electrode density is necessary to understand
highly complex wiring diagrams in certain neural systems, a different type of
device was developed in the scope of this thesis: electrode arrays for in vitro
monitoring of retinal ganglion cell responses to optogenetic stimulation of retinal
neurons. For this, several new fabrication processes were examined and employed.
New designs with four times the resolution of previous devices were created and
devices are being fabricated. It will be interesting to see how the recording devices
perform in biological experiments in the future. It is expected that spike sorting
will be facilitated dramatically, allowing good identification of single neurons and

observation of their individual electrophysiological properties.
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A Appendix

A.1 Microfabrication Recipes

This section lists recipes used for the microfabrication of the devices that have

been introduced. The recipes are valid for the very tools used in this work.

A.1.1 RIE1 Recipes

Note both recipes can severely burn photoresist thicker than S1818®

‘iopsio2.rec mlesio2.rec

Process pressure 0.03 0.03 Torr
Fluoroform (CHF;) flow 5 5 scem
Argon (Ar) flow 15 15 scem
RF forward power 200 120 W
Sio, -39 23
Etch rate %};SOS ~0?3 nm/min
SiN ~21 ~15

Table A.1: RIE1 silicon dioxide etch recipes; iopsio2: standard etch; mlesio2;
reduced power etch

‘ SiN-RS.rec
Process pressure 0.03 Torr
Fluoroform (CHF,) flow 5 scem
Oxygen (O,) flow 10 scem
Methane (CH,) flow 20 scem
RF forward power 75 W
SiN ~49 nm/min
Etch rate photoresist ~48 nm?min

Table A.2: RIE 1 silicon nitride etch recipe
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‘ paryl-RS.rec

Process pressure 0.08 Torr
Oxygen (O,) flow 50 scem
RF forward power 200 W%

Etch rate © arylene'C ~380* nm,/min
photoresist

*etch rate of small features is lower by ~20 %

Table A.3: RIE 1 parylene C etch recipe

‘ o2ash.rec o2clean.rec

Process pressure 0.05
Oxygen (O,) flow 30
RF forward power 120 200

Table A.4: RIE 1 oxygen clean; o2ash: wafer descum; o2clean: chamber clean

A.1.2 RIE 2 Recipes

‘ niautest.rec

Argon (Ar) flow 40 scecm
Oxygen (O,) flow 4 scem
Process pressure 0.045 Torr
RF forward power 300 W
Etch rate (Ni/Au) | >7.5 nm/min

Table A.5: RIE 2 nickel/gold (Ni/Au) current spreading metal layer etch
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A.1.3 ICP 1 Recipes

‘ AlRobert.set

Chlorine (Cl,) flow 4 scem
Boron trichloride (BCl,) flow 16 scem
Process pressure 0.02 Torr
RF mode platen only
Platen power 50 W%
Etch rate rgll/OA; 552?5675 nm,/min

*etch rate is not uniform, a longer etch is required to etch through any surface
oxide layer, etch rates for pure titanium and aluminium have not been tested

Table A.6: ICP 1 titanium/aluminium (Ti/Al) etch (quick and low-power with

high selectivity)

‘ ITOetch2.set

Argon (Ar) flow 6 scem
Chlorine (Cl,) flow 4 scem
Boron trichloride (BCl;) flow 16 scem
Process pressure 0.02 Torr
RF mode simultaneous
Platen power 100 W
Coil power 600 W
Etch rate gf(i :;; nm/min

Table A.7: ICP 1 indium tin oxide (ITO) etch
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A.1.4 ICP 2 Recipes

‘ GaN_ David
Chlorine (Cl,) flow 50 scem
Process pressure 0.005 Torr
Coil power 700 W
Platen power 300 W
Etch rate (GaN) | ~1000 nm/min

Table A.8: ICP 2 gallium nitride (GaN) etch

A.1.5 DRIE Recipes

Note the DRIE etch tool is located at Glasgow University

‘ hptest4
Etch rate (Si) | ~44  nm/min

Table A.9: Deep reactive ion etch (Bosch process) for silicon (Si)

A.1.6 RTA Recipes

‘ recipe 3 (Ni/Au) recipe 5 (Pd)
Gas used air N,
Temperature |, "o 515 510 510315, 90,0 0, 95, 300, 300, 95, 0 °C
Sequence
Time 30, 30, 30, 30, 30, 30, 30 60, 40, 180, 40, 40 s
Sequence

Table A.10: RTA nickel/gold (Ni/Au) and Palladium (Pd) on gallium nitride
(GaN) annealing recipes
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A.1.7 Sputter Coater Recipes

‘ Ti Al Au
Current | 6 6 4 A
Deposition rate ‘ 17.5 22 125 nm/min

Table A.11: Sputter coater metal deposition recipes (titanium, aluminium, gold)

A.1.8 Parylene Coater Recipes

Note moisten the chamber walls with ~1 ml of A-174silane (gamma-methacryl-
oxypropyltrimethoxy silane) prior to deposition to improve parylene adhesion to
the substrate

Parylene C Parylene N
Deposition rate ~5 ~0.75 nm/h
Dimer required small samples ~1.36 ) ¢/pm
large samples | ~1.36 - (1 + m)* ?

2

*with the sample surface area A in cm? (e.g. 162cm? for a 4” wafer)

Table A.12: SCS coater parylene deposition recipes (parylene C, parylene N)
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A.1.9 PECVD Recipes

\oxide200.rec lowsio2d.rec

Silane (SiH,) flow 170 1000 scem
Nitrous oxide (N,O) flow 710 500 scem
HF forward power 70 70 W
RF mode continuous continuous
RF first pulse HF HF
Process pressure 1 0.5 Torr
Substrate temperature 300 100 °C
Deposition rate (Si0,) | ~36 ~18-19 nm/min

Table A.13: PECVD silicon dioxide deposition recipes; oxide200: standard
deposition; lowsio2d: low temperature deposition

‘ nhfreepu.rec

Silane (SiH,) flow 40 scem
Nitrogen (N,) flow 1250 sccm
HF forward power 200 W
LF power 20 W
RF mode pulsed
RF first pulse HF
HF pulse time 13 S
LF pulse time 7 S
Process pressure 0.65 Torr
Substrate temperature 100-300 °C
Deposition rate (SiO.N,) éggog ?73 nm/min

Table A.14: PECVD silicon oxynitride deposition recipe
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A.2 pLED Needle Probes

A.2 uLED Needle Probes

A.2.1 Device Naming

electrode Iayout (L/T)
wide option (W)
number of shan
x x (_)

A
(number of dice)
number of LEDs

number of electrodes
shank length (S/L)

Figure A.1: Explanation of device codes for fabricated pLED probes and integ-
rated recording devices

A.2.2 Fabrication

Mask 1
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ROBERT SCHARF

UNIVERSITY OF STRATHCLYDE
CORTICAL PROBES (LED/MEA)
JUN-1

Figure A.2: Photomasks for LED probe fabrication (Set 1), mask size is 57,
dimensions of each submask are 29.5mm x 11.6 mm
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UNIVERSITY OF STRATHCLYDE UNIVERSITY OF STRATHCLYDE
CORTICAL PROBES (LED/MEA), MASK 1 CORTICAL PROBES (LED/MEA), MASK 2
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Figure A.3: Photomasks for LED probe fabrication (Set 2), mask size is 57,
dimensions of each submask are 22.2mm x 16.4 mm
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Figure A.4: Material for LED needle probe fabrication; A) Diced wafer (schem-
atic, looking at back surface); samples are 20.4 x 26.4mm?, this includes a
~2mm border on each side; B) Photoluminescence map showing wavelength
distribution across the wafer surface
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Figure A.7: LED probe holder; A) Holder inside a storage box (BCW 1-HB25);
B) Schematic of machined aluminium bar for holding the PCBs
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A.2.3 Simulation

A.2.3.1 Device Heating
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Figure A.8: Simulated tissue temperatures during LED probe operation (I =
150 mW/mm2, LED 1, cf. Figure 4.10 for LED 16); A) Temperature depends on the
LED position; B) Peak and average temperatures during continuous operation
in pulsed mode for various combinations of pulse width and repetition rate;
C) Temperature dissipation over time following a pulse of certain pulse width
(blue) or a continuous pulse (black); D)Maximum temperature at various
distances from the LED following a pulse of certain pulse width (blue) or a
continuous pulse (black)
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Figure A.9: Effect of reaction parameter uncertainties on Arrhenius damage
rate; a change of AE of one order of magnitude or a change of A of 1% leads
to a change of the damage rate (at constant temperature) of approximately one
order of magnitude

A.2.3.2 Light Propagation
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Figure A.10: Simulated pLED resolution during optogenetic stimulation of brain
tissue, simultaneously using two neighbouring nLEDs; contour lines represent
activation thresholds (arbitrary value)
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A.2.3.3 Resistance of a Conductor

The relatively long and narrow metal tracks on the LED needle probe devices
dissipate some heat. When turning up the current, this can become significant.
The resistance of the tracks has therefore been estimated as follows. The resistance
of a long conductor with a rectangular cross-section illustrated in Figure A.11 is

given as

il

R=5-2. (A.1)

When working with sputtered thin films, usually one can encounter metal bilayers,
which are two conductors with different thicknesses (hy and hs) in parallel. The

combined resistance can be calculated as

111

Aot A2

R rR R (A2)
P1P2 i (A.3)

B hipa + hopr  w

When using a simplified geometry of this device and the material resistivities from
Table A.15, the total resistance for the 50/500 nm-thick p- and the 50/100 nm-thick
n-tracks leading to LED 1 (R, and R, respectively) can be estimated as follows
(Rp, ~ 46 and R, ~ 7 for LED 16):

3000 pm 2200 pm 850 pm
R, ~ 0.056 €2 - =652 A4
P ( 80 pm + 3m 2.2pm> (A-4)
3000 2200 850
Ry ~ 02730 - HI i M) 100, (A.5)
3000pm 100 pm 70 pm

The series resistance of p- and n-tracks then lies between 53 Q2 and 75Q (LED 16

and LED 1, respectively).

\ §
T

Figure A.11: Cross-section of a conductor (schematic)
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‘ Ti Al Au
p[Qm] [420-107 2.82-10° 244-10°°
Table A.15: Electrical resistivities of different conductors used in the fabrication
of neural microdevices

A.2.4 Characterization

A.2.4.1 Light Output
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Figure A.12: Fractions of nLED light detected by a photodiode during nLED
optical power characterization; detector radius r = 4.75mm, distance from
detector d = 0..100 mm, probe angle o« = 0..90°; light powers detected from
LED when centred in front of the detector
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%] Light detected from LED

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1(27 27 27 26 26 26 26 25 25 25 24 24 24 24 23 23
2127 27 27 27 26 26 26 26 25 25 25 24 24 24 24 23
3128 27 27 27 27 26 26 26 26 25 25 25 24 24 24 24

5 428 28 27 27 27 27 26 26 26 26 25 25 25 24 24 24
o 5128 28 28 27 27 27 27 26 26 26 26 25 25 25 24 24
% 6129 28 28 28 27 27 27 27 26 26 26 26 25 25 25 24
'g 7129 29 28 28 28 27 27 27 27 26 26 26 26 25 25 25
o 8 29 29 28 28 28 27 27 27 27 26 26 26 26 25 25
® 9 29 29 28 28 28 27 27 27 27 26 26 26 26 25
*E’ 10 29 29 28 28 28 27 27 27 27 26 26 26 26
g 1 29 29 28 28 28 27 27 27 27 26 26 26
Q12 29 29 28 28 28 27 27 27 27 26 26
- 13 29 29 28 28 28 27 27 27 27 26
14 29 29 28 28 28 27 27 27 27

15 29 29 28 28 28 27 27 27

16 29 29 28 28 28 27 27

Table A.16: Fractions of light detected by a photodiode during pLED optical
power characterization; detector radius r = 4.75 mm, distance from detector
d = 6 mm, probe angle o = 45°; light powers detected from all 16 LEDs as a
fraction of total LED light power when any particular LED is centred in front
of the detector

A.2.4.2 Smaller LEDs
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Figure A.13: LEDs with 10 pm diameter; A)Image of a probe containing 10 pm-
diameter LEDs; B) IV-curve of the device shown; C) Ll-curve of the device
shown
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A.2.5 First Generation Control Hardware

Figure A.14 shows the first generation of the LED probe control hardware designed
for 16-channel LED probes. It consisted of the probe on a custom-designed PCB,
control electronics (Arduino and demultiplexer) and a current source (LakeShore
Model 121). The control hardware was connected to a PC with custom-designed

software.

control electronics

! @%F:E,Jl

~“““current source

LD probe

Figure A.14: First generation control hardware; a current source and a channel
switch consisting of an Arduino and a demultiplexer are connected to a PC
vis USB; the output of the current source is connected to the switch circuit;
the output of the switch circuit is connected to the LED probe using a 17-way
cable; the channel and the target irradiance can be selected using the software;
the LED can be turned on and off using either the software or by an external
trigger (TTL pulse) going into the switching circuit

A.2.6 Advanced Control Software
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Figure A.15: Control software for 3D nLED arrays (screenshot of the channel
selection interface)
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A.2.7 LED Drivers

A multitude of LED drivers currently exist on the market allowing different num-
bers of LEDs to be driven with a defined current, that can be either set statically
or be programmable. The physical design of the LED probes, however, heavily
restricts the choice. There are AC (including a rectifier) and DC drivers. There
are also boost and buck drivers creating an output voltage that is, respectively,
higher or lower than the supply voltage. Often they offer dimming by pulse width
modulation (PWM). Overviews are given by Winder [309] and by Khanna [119].

Almost all available options are so-called sink drivers, which means that they
allow current flow into the driver IC. These drivers can only be used with in-
dividually wired common anode (commonp) LEDs. Therefore, in order to be
useful for the monolithically fabricated GaN-on-Si needle probes, wafer polarity
would have to be reversed. This, however, is not easy to achieve, due to p-GaN
diffusion caused by heating during following growth steps. A popular example
for a 16-channel driver with programmable current output is the TLC5940 (TT).
The TLC5916 (TT) is a programmable 8-channel driver. TT offers linear dimming

under the name dot correction.

Source drivers can be used for common cathode (commonn) LEDs, but they
are rare. One option offering eight channels but no adjustable current is the
UDN2982 (Allegro Microsystems). When driving multiple LEDs, an alternative is
to use shift registers such as the 8-channel 74HC595 (NXP), which can source or

sink current.

When multiplexing is used, drivers with only one current output can be sufficient
for controlling a high number of LEDs. The current path can then be adjusted by
a series of demultiplexers acting as switches. In the case of the 16-channel probe,

only one 16-channel IC (e.g. HC4067) is sufficient. This approach was taken here.
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Alternatives to dedicated LED drivers include operational amplifier circuits. A
basic transconductance amplifier is shown in Figure A.16. Other designs can be
found elsewhere [310]. Using a digital to analogue converter (DAC), the digital
output of a microprocessor (such as the one used in the Arduino boards) could be

used to provide the input for this amplifier circuit.

Figure A.16: Transconductance amplifier (voltage-controlled current source)
[311, p. 297]; the circuit produces a current I proportional to a voltage V'
(I =-V/R)

A.3 Transfer-Printed LEDs

Figure A.17 shows a photomask for the fabrication of individual transfer-printable
nLEDs for optogenetics. The mask steps are the following: 1) mesa patterning
(30 pm round and 65 pm square), 2) p- and n-metal deposition (negative masks
included as alternatives), 3) underetch for creating micron-thick 100 pm and 190 pm

square dies, and 4) singulation of groups of 4x4 LEDs.
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Figure A.17: Photomask for fabrication of individual transfer-printable pLEDs,
mask size is 4”7, dimensions of each submask are 20.6 mm x 19.6 mm

A.4 Planar In Vitro Arrays

A.4.1 Thin Film Stress and Wafer Curvature

Low stress passivation layers are required for the fabrication of the planar in vitro
arrays to avoid cracking and peeling of the film. Film stress is given by the Stoney

formula

E, 2
6 (1 - l/s) tf

g =

1 1
(R - R@) , (A.6)
where Ej is the Young’s modulus of the substrate and vy is the Poisson ratio, t4 is
the thickness of the substrate and t¢ is the thickness of the film, R is the radius of
curvature of the wafer after deposition of the film and Ry is the radius of curvature
of the wafer before the deposition [214]. The radii of curvature can be obtained
from stylus profilometer (i.e. Dektak) measurements or optical profilometry and

calculated from the scan distance Az and the height difference Az as (circular
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segment)

_ 4(Az)* + (Az)? .

R
S8Az

(A7)

A.4.2 Minimum Feature Size Calculation

The critical features appear at the outer ring of electrodes of the array, where all
the tracks leading to the inner electrodes have to be squeezed in the slots (see

Figure A.17). The width of the slots wg; can be calculated as

Wslot = Pelec — delec ; (A8)

where pelec is the electrode pitch and dg is the electrode diameter. Each slot has

to accommodate nypacs tracks and ngaas + 1 gaps of equal width wypack
(2 * Niracks T 1) * Wirack = Wslot » (Ag)

where the number of tracks ni acks 1S the number of central electrodes niy e, divided

by the number of peripheral electrodes (or gaps) neuter:

Ninner
Ntracks = ’V —‘ . (AlO)

Nouter

Track widths required for the fabrication of arrays of different size and pitch
are summarized in Figure A.17. The minimum feature size can be increased by

optimizing (shrinking) the electrode diameter.
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number of electrodes

61 519 2053

Nouter 24 76 154

) Lpe.ec-delec Ninner 37 443 1899
delec 7.5

Ttracks 2 6 13
nlnner 6o Wslot [m] 52.5

elec- Wraek [nm] | 105 4.03  1.94
trode Wglot [IM 22.5

nOUter pitch 20wy [[pnh 45 173 083
[pm] 15 Wit [um] 7.5

Wirack [Nm] | 1.5 0.57 0.27

Table A.17: Minimum feature sizes for different electrode arrays

A.4.3 Platinization

The platinization current for an electrode array Ipiatamay can be calculated as

Iplat,array = MNelec * ]plat,elec ) (A 11)

where negjec is the number of electrodes and I elec is the platinization current
per electrode. The platinization current per electrode can be calculated using the

electrode area A, and the specific platinization current ipja:

2
. de ec .
]plat,elec = Aelec “lplat = T ( 21 > * plat » (A12)

where dge. is the electrode diameter. The electrode diameter in this case is equal
to 5 pm. The optimum specific platinization current has been determined to be
4nA/um? by Gunning [280]. For the 61 electrode arrays fabricated here, the total

platinization current is therefore equal to

Sum\?  nA
Lty = 61 -7 (l;m> 422 4 79pA. (A.13)
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