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Using simple circuit analysis the electrode impedance becomes

Ret (3.11)

Zel = TR Gutng
We now have the components required to create a more simplified diagram as shown in Figure
21 whereby we can replace each impedance component with a single complex impedance which

is much more useful for modeling purposes and MEA design.
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Figure 21: Neuron-electrode impedance model. Simplified Model of Neuron-Electrode
Impedance where Zy is the resulting membrane impedance, Zs is the spreading resistance due
to the solution, and Zg, is the electrode impedance (typically on the order of 100 Q for Au
electrodes). Amp is the bioimpedance amplifier.

Further simplifying the model, we end up with a function for the complex input impedance

as seen by the ampilifier.

Zin=Zat (=t ) (3.12)

Zseal = Zm
This is to say that the impedance seen by the biopotential amplifier will be a parallel combination
of the membrane resistance and the spreading resistance in series with the electrode’s
impedance, which is a result that we would have expected at the beginning based on standard
circuit theory.
We use a computer math application (Maple 17) to plot the magnitude of Zi, over the

potential range of neuron frequencies resulting in Figure 22. For our test case we assume a 10
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um wide Au electrode and use the parameters from Appendix B. Itis clear that the real impedance
of the system drops as the frequency of the system is increased. This has been verified in the
literature and is to be expected as the electrode system generally operates as a high-pass filter

[52].
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Figure 22: Impedance simulation based on the electrode-electrolyte model. Electrode
impedance simulation based on the electrode-electrolyte model presented here. Shown is the
Magnitude Plot of Re(Zin) vs. Frequency from 1 Hz - 5 KHz. 1 KHz operating frequency gives a
real load resistance of ~800 KQ which is the approximate value used for MEA design

purposes.

Plotting the capacitance using the imaginary part of the input impedance against frequency, you

arrive at Figure 23. This allows a better understanding of what takes place as the system is driven

with increasing frequency.
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Geometric loss from the emitter can be modeled using Snell’'s law to calculate the half-angle of
the divergence for the waveguide (4.2):

NAwg ) (4.2)

04ip = sin~! (
tissue

where N;;q0 1S the index of refraction of the surrounding grey matter. To compute the numerical

aperture we derive the following relationship from 4.3:

(4.3)
NAwg = \/Ncorez - Nclad2

We then calculate the illumination intensity emitted from the end of the waveguide by dividing the

total optical power by the cross-sectional area of the waveguide emitter:

Poyc (4.4)
W« H *4r

1(0) =
where P, is the source power of the system, H is the height of the rib waveguide and W is the
width of the emitter end of the waveguide. Af is a term to summarize the losses up into the end

of the waveguide. This term is developed experimentally and contains both propagation loss and

Fresnel loss.
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Figure 37: Diagram of optical emission from a multimode waveguide. ry;,, is the radius of the
emitted light at a distance of z from the end of the device, z,,, is a distance used for calculating

beam geometry, © is the half-beam angle, and W is the width of the waveguide.
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Combining the geometric decrease of light from the tip of the waveguide and adding the
effects due to scattering, we arrive at a model for light intensity vs. distance. This equation was

adapted from [58]:

I(z) p? (4.5)
I(z=0) (Sz+1)(z+p)?
n \? (4.6)
Pt \na,,)
To calculate the volume of light emitted we use a cone approximation (Figure 37):.
(4.7)

3wy (Tum? + TimTwg + Twg?)

Using 4.1-4.7 we perform an analysis of the optical stimulation of tissue. We use a reported

value of the index of refraction for grey matter, N;;¢s,0, Of 1.36 for mouse models [59]. Values for
the scattering parameter S have been reported in the literature for mice as 11.2 mm' for a mouse
cortical tissue and 10.3 mm™" for a rat cortical slice at 473 nm [58] [59]. These values for the animal
models follow closely to scattering values measured in humans [60]. We use a value of 57% that
was determined experimentally by coupling a small 473 nm laser to a 100 um optical fiber and
dividing the input power by the output power. This value is supported by similar results in the
literature [61]. In addition, the test case uses a polymer waveguide made from photo curable SU-
8 epoxy coated in SiO- for a cladding layer, a typical biocompatible material stack used in neural
prosthetics. A value of Neor =1.6 is used for SU-8 while the index of PECVD SiO; is derived from
the literature [62][63]. To simplify the calculation, a square waveguide cross section is assumed.
The minimum activation light intensities that have been documented in the literature for

ChR2 and NpHr opsins are =1 mW/mm? and =21.8 mW/mm?, respectively [29][58]. These
parameters provide a limiting condition for the analysis of activated tissue emitted from the

waveguide.
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If the input power level, P,,., is held at 20 mW and we plot the light intensity vs. distance
from the light emitter, we observe ChR2 activation out to = 1 mm within the brain tissue. The

intensity of that light within the tissue is plotted in Figure 38.
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Figure 38: Light intensity vs. distance from the emitter tip in mm. Dataset uses 20 mW input
source, 0.43 Numerical Aperture (NA), a coupling efficiency, Ay, of 57%, and assuming grey
brain matter with an optical index of 1.36 with a scattering coefficient, S, of 10.

It is clear from the figure that the bulk of the power dissipates in the first 500 um of tissue.
This result is verified by the literature in transmission experiments performed on mouse brain
slices by work done by Aravanis et. al in 2007 that show 90% reduction of resulting intensity from
the first 1 mm of grey matter [58].

Next, we continue our analysis by comparing how the volume of activated tissue relates

to both the width of the rib waveguide and the initial input power P,,.. The same assumptions as

above apply and the equation set was solved for 1 mW, 10 mW, 15 mW, and 45 mW input power.
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It is important to note that the coupling efficiency, As, was held constant for the simulation but due

to real-world geometric constraints this parameter would likely modify the result somewhat.
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Figure 39: Power level vs. activated tissue volume. Calculation of power level impact on resulting
activated tissue volume for various waveguide dimensions. Dataset uses a 0.43 Numerical
Aperture (NA) calculated for a SU-8/SiO», waveguide, and assumes a constant coupling. Power
levels as indicated.

The result is somewhat surprising, each power level input into the system results in an
optimal waveguide area to get its respective maximum volume of activation. As the waveguide
area increases, more light is coupled into the system due to the increasing area of the input end
of the waveguide. However, as the output area increases so does the volume of the emission
cone. This increasing volume becomes the dominant factor and the tissue activated begins to
decrease again due to a lack of intensity on the emission surface. For the microfabricated

waveguides investigated within this dissertation the waveguide diameters of 1-3 mm may be

entirely too large for use in an animal research model. To minimize trauma and maximize overall
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biocompatibility the overall device thickness is minimized, but the simulations act as a guide in
which to compare optical source coupling techniques and analyze overall system efficiency. The
numbers are simply given as an exploration of the parameter space and do provide a useful
framework from which to conduct our optrode design.

4.2 SiC Fabrication Challenges

Epitaxial 3C-SiC wafers have very high intrinsic stress (tension) values that make them
exceedingly difficult to process due to the 22% lattice mismatch between the SiC structure and
the structure of the film [64]. This high stress makes the use of traditional micro electrical
mechanical system (MEMS) techniques difficult. The inherent film stress causes wafer bow that
prevents proper alignment in patterning, hinders wafer bonding by trapping air pockets, and often
results in wafers fracturing when using vacuum chucks to hold the substrates during processing.
To address these concerns, several measures were taken.

First, stress was minimized as much as possible in the initial substrate by using the (100)
orientation of silicon as it results in slightly less stress than (111) Si substrates. In addition, the
3C-SiC growth process using an optimized carbonization step resulting in a very thin, but highly
defective interface layer that can accommodate much of the strain [64].

Mechanically, it makes the most sense to use smaller substrates to minimize the effective
curvature. By dicing the large 4” diameter substrates into 1” squares we reduced the height
deviation from the horizontal plane as seen by the vacuum chuck surface. The smaller substrates
allowed for the use of standard 2” vacuum chucks while minimizing the total height deviation over
the width of the sample. This technique, however, comes at the cost of a more irregular edge
bead from the spinning of photoresist and SU-8 layers, as well as greater difficulty in aligning
subsequent layers.

In the final steps of fabricating SiC optrode devices the Si is removed through inductively
coupled plasma (ICP) etching. As the substrate thins, the balancing compressive force it provides
lessens and this causes the 3C-SiC on thin Si film to pull away from the handle wafer. This effect
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can often be dramatic leading to delamination of the handle wafer from the substrate and
subsequent severe buckling and cracking of the film. Proper bonding of the handle wafer to the
film is necessary to prevent this from occurring during the back-side Si etch.

To further complicate device fabrication, 3C-SiC has no effective chemical etchants other
than molten KOH salt. Therefore, inductively coupled plasma (ICP) is used. The use of ICP as a
primary etch technique requires careful planning of the fabrication process to ensure the delicate
microfabrication portions of the device are never exposed to the harsh high-energy plasma
directly. Normal neural probe fabrication generally relies on chemical etching or oxide release
layers which are not an option for single-crystal 3C-SiC based probes.
4.3 Waveguide Design

Ideally, the optical waveguide system of the optrode would be entirely made out of single-
crystal SiC materials due to both its optical properties (section 3.1.2) and biocompatibility results
seen with the material [56]. The processing requirements of fabricating these structures from this
bulk material (4H- or 6H-SiC) are known to be extremely difficult and overly expensive for the
purpose of the dissertation. Therefore, a viable alternative was found, and fabrication of these
hexagonal-SiC waveguides will be left as future work. Instead, we will proceed with a polymer
waveguide made from SU-8 with an a-SiC encapsulation layer in the hope to have both ease of
fabrication and biocompatibly, thus leading us to a more realistic near-term SiC-based optrode.

SU-8 polymer also has evidence to support its biocompatibility in neural tissue, is optically
transparent, photopatternable, and can be coated with PECVD a-SiC, through low temperature
processes, to prevent its dissolution into the surrounding tissue [65]. Therefore, the material was
chosen as a viable alternative and was used in conjunction with 3C-SiC substrates and a-SiC
dielectric coatings. Hard-baked SU-8 has an inherently low optical index of 1.67 and, therefore,
cannot be used directly in contact with a-SiC without significant optical loss. Therefore PECVD

SiO2 served as both an intermediate adhesion layer and optical cladding for the optical
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waveguide. Figure 42 shows the realized SiC optrode with the various material layers and their

corresponding indices of refraction.
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Figure 40: Developed biocompatible optical waveguide geometry. An a-SiC over layer was used
to ensure material robustness and biocompatibility. The oxide layer serves as the required low-
index cladding layer and the waveguide core is made from SU-8 photopatternable polymer.

4.4 Fabrication of Test Waveguide Structures

Multimode waveguides were fabricated from SU-8 polymer and clad with PECVD SiO-
and a-SiC biocompatible encapsulation. Standard contact lithography was used to first create
linear test structures of 50 um in width and 20 um in height.

The fabrication process begins with the growth of 3 um of PECVD SiO; at 250 °C on a
substrate material. Next, the wafer is plasma cleaned in an O, Plasma for 30 min at 200 W to help
with the removal of any organic material as well as to terminate the surface for better adhesion of
subsequent layers. In addition, the surface is cleaned using a mixture of 3:1 concentrated sulfuric
acid to 30% hydrogen peroxide solution (Piranha Etch). Once clean, the wafer is then dehydrated
by placing it on a 200 °C hotplate for 30 min to remove any residual water or solvent on the
surface. It is important to note that without this step adhesion to the underlying glass substrate is
poor causing the structures to delaminate in subsequent processing. Next, MicroChem SU-8
2010 photopolymer is spin coated onto the substrate using 1000 RPM for 30 sec resulting in =20
um of material. The wafer is then soft baked at 90 °C for 5 min to remove solvent and reduce
stress from the film. Masks were made from laser printed acetate and were acquired through
Advanced Reproductions, Inc. The wafers were patterned using a Quintel Mask aligner. Exposure
dose was found to be 201 mJ of broadband UV through experimentation. The resulting structures
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