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MODELING AND DESIGN OF LOW IMPEDANCE MICROELECTRODE S
FOR BIOMEDICAL APPLICATIONS

by

Shirin Zarrabi
Abstract
Microelectrodes are devices through which neumghals are obtained or delivered.
The goals for designing microelectrodes are maxinsatectivity (ability to select
and record from a single cell) and minimum impe@aricis very important to reduce
the impedance of metal microelectrodes as muclossilge since the main source of
noise for metal microelectrodes is thermal noiseictwvhis directly related to
impedance. Signal to noise ratios are particulamportant in the quality of the
signal that can be received by the microebeler
In order to increase selectivity, small size mitgorodes are desired but as the size
of the microelectrode decreases the impedanceaseseso fabrication of small size
microelectrodes with low impedance is always alehgk.
To reduce the resistance of microelectrodes atiwadi approach is electroplating
them with platinum black, however the impedancehef microelectrode, using this
method, is generally unstable. Creating microstmest on electrodes is another
approach that has been tried before without afstgnit success.
This work investigates the problems with the desigih microstructures and
introduces a novel design and technique to falwicaticroelectrodes with
significantly lower impedance than traditional ftaicroelectrodes, yet more stability

than the platinum black coating approach.
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Introduction

The widespread use of microelectronic techniquegether with the extensive
utilization of in vitro cultures, is making it morand more feasible to obtain an
intimate junction between cultured neurons andrfiaroelectronic transducers. It is
one of the principal tools of neurophysiologisteerested in the nerve system at the
cellular level.

An electrode is a device which transduceselbmric signals to and from
electronic signals. Despite the prevalence of siehces there remains a good deal
of mystery about how best to make these electrades how to interpret the
extracellular potential that they record.

Biomedical microelectrodes should bleiocompatible (nonreversible reaction
between the microelectrode and the solution isdesired), moreover corrosion of
the microelectrode is not acceptable because tle@stions would be either toxic to
the cell or they would change the normal environinaexa function of the cell.

Several materials have been used for biomedicatrettes .Noble metals such as
platinum and iridium are the most common [1] but other materialshsas
Iridium oxide , Titanium nitride , Tantalum pentaoxide and Carbon ( fibers or
nanotubes )have also been used [2]-[Gold can be used for recording [1].

Because extracellular signals are weak, it is ingwr to have low noise

microelectrodes.



Since the main source of noise is thermal noigs,iihportant for the microelectrodes
to have low impedance.
Neural probes are usually metallic probes, butetheve been some experiments
using
MOSFETSs to record signals from neurons acting &¥ thates [5]. However, the
noise generated by field-effect transistors is &ighthan metal electrodes
[6]. Therefore in this thesis we have concentratedhacroelectrodes.
The goals for designing microelectrodes are:

1- Maximum selectivity (which means smaller size so ee@ select a single

neuron for recording- The range of neuron sizés B0Qum)

2- Minimum impedance for maximizing signal to noiseaa

3- Stability
As the size of the microelectrode decreases tlpedance increases, so fabrication
of small size microelectrodes with low impedancalvgays a challenge.
To reduce the resistance of microelectrodes, atitvadl approach is electroplating
them with platinum black which makes pores on thdage of the metal so the
effective surface will increase because of roughrfesthout increasing the apparent
area) and resistance will decrease. However thesdance of the microelectrode,
using this method, because of weak adherence tarttlerlying metal, is generally

unstable [7].



Creating microstructures with platinum on electde another approach that has
been tried before, but the reduction of impedanoeenthan 5 times compared to a
flat microelectrode has not yet been achieved ¢hapter 1).

This paper will investigate the problems associatghl the design of microstructures

and will introduce a novel design and teghei to fabricate microelectrodes
with significantly lower impedance than traditiorfét microelectrodes, yet more

stability than the platinum black coating approach.



Chapter 1
Microelectrode Modeling

Electrode Modeling
Different equivalent circuits have been proposefbieefor a metallic probe in saline
Electrolyte [7], [8]. Two of these equivalent cirtsuwill be described in this paper.
Here are a few facts about neural probing thathelused later:
e Bio-electric potentials are carried in electrolytiedia in the form of ionic
currents.
e The mobility of ions is approximately six orderfsneagnitude lower than
that of electrons and holes.
e Bioelectric signals usually will not have frequessimore than 10 kHz.
Capacitance
When a metallic object is placed in an ionic solatthere will be a space charge

build up at the interface. This space charge leggresents a capacitance [7].

RS,

i
SRt

e
o8
&
&

1

. T (e
Hydration Sheath  Helmholtz
Plane

Fig. 1. Doubdyer and Helmholtz planes [7]



If we put a metal electrode in a water solutiontexsamolecules will be oriented
according to the electrode charge and will formydration sheath in contact with
surface of metal. (Hydrogen is positive and Oxygenegative).After this hydration
sheath there will be hydrated ions which are tims im solution with opposite charge
of the metal and surrounded with oriented wateretules. These two layers (double
layer) will form two parallel planes (known as Hélaitz planes) and act as a

capacitor.[7]

C, =55 % (C H for Helmholtz plane)

¢o is the dielectric permittivity of free spacg € 8.854x10% F mi™);
e r is the relative permittivity (sometimes called thelectric constant) arfdr water

its value is 78.54 at 25°Mut can be as low as 6 in the interface so

C
TH =53.10" A (Capacitance per unit area)

Assuming d=5A&, G4 will be 0.11 F/m
Charge diffuses from electrode to the solution msres and cations. This diffusing
charge also results in another capacitance whinhbeaderived by applying Gauss’s

law to the charge near the electrode [9].

DQ% .cosh (z \6/ 2Vv)

D
Where z is the charge of ions (we can assume zx1s#&lne solutions),

Vi=kT/g=26mv (M is known as thermal voltage at room temperaturas khe



Boltzmann constant, T is tempreature and the magnitude of the electrical charge

on the electron with a value of 1.6820 % and \6 is the potential at the electrode.

Lois Debye length and is given by [7]:

2n,-z°-q
N, is the bulk number concentration of the ion in duwegmoles/liter=0.154 for
saline, times Avogadro’'s number 6.02205 102 #/mole ). This value for
physiological saline at 25° i9.154x 6.02205x10% = 9.3x10** ions/liter or

9.3x10% ions/m3

These two capacitors in series will make the tot@rface capacitor (¢

1/C=1GCG+ 1O
As the concentration of solution or the appliedtagé is increased, the space charge
region will be more compact and the magnitude i@l increase while @ remains
the same. So by increasing the voltage, the capeat will increase until &
dominates (0.11 F/m). Figure 2 showddE differente rfrom top to bottonz rvalues

are 78.54,50 and 6 respectively [7].
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Resistance

There are 3 important components in the resistiwdehof an electrode.
1-Charge transfer to space charge in solution (tiitahe electrode)
2-Diffusion of ions to and from the electrode

3- Chemical reactions at the electrode

Charge transfer

The charge transfer current density between traretle and solution is given by the

Butler-Volmer Equation [10]

J = Jo[e[(l—ﬂ)-z-(V—Vo)/Vt] _ e(—ﬂ-Z-(V—Vo)/Vt)] in Alem?

Where 4 is the exchange current density, i¥ electrode voltage without current flow
and V is electrode voltage with current flow, ztle charge of the ion arfilis a
symmetry factor which is the difference in energarriers to electronation and

deelectronation and hence the symmetry of posangnegative charge flow.



Electronation and deelectronation are the transfexlectrons between the oxidized

and reduced form of reactant. ValuesJgfare given in the table below.

Table |
Exchange cant density for noble metals [7]

Material/Reaction Jo(A/cm?)

Gold in buffered saline 2x107°
Oxygen reaction 45x10°®
Au, hydrogen reaction 398x10°
Pt, hydrogen reaction 794x10*
Ir, hydrogen reaction 200x10™

If B is 0.5 then we have
J =2J,sinhfz(V -V,)/2V,]

and charge transfer resistance can be calculated a

_oV i 2
R = /&] InQ.cm
Using this definition and the area of the microglade the total resistance can be
calculated.

Now V-VO for neural recording is small sosinhz(V —V,)/2V,] = z(V -V,)/ 2V,

=> R =V./AJ,z inQ.cm?
And V-VO0 is high forneural stimulation so

Z(V -Vy) 12V,
sinhz(V -V,)/2V/,] ® 5



7 AV
- Rt — t e z(V -Vy)/2V, inQ.cm?
J,.A

Diffusion

a- DC condition

For any electrode there is a limiting or saturatcanrent due to the fact that the
current will be carried to the solution by diffusiof ions. This steady state diffusion
is related to the electrode current density by [7]:

N VIRVATIIVA
J/J.,=1-¢e
So
R, =0V /83 =V, /z[1I(J, - J)] Q.cm?

This equation is good for currents near DC (stestdie diffusion).

b- AC condition

The impedance for a sinusoidal voltage due to siifiu in electrolyte is given by

[11], [12]:

| Z, |:k/\/T

Wheref is the frequency of the sinusoidal voltage.

This is based on the assumption that applying assidal voltage will force a

sinusoidal spatial concentration of ions, so byreasing the frequency, the
concentration gradient will increase at the ela#ranterface and more electrode

current will be possible.



This impedance can be modeled as a resistor aratitap(series or parallel).
For the parallel equivalent (W indices are givencsithis has been proposed by

Warburg [11], [12])
z,=@0UR,+j2r.fC,)"
WhereR, andC,, can be calculated as R,=1/27.fC, and

\Y,

t
22qn°AJ#fD

of electrode in cm?2.

R, =10° D is the diffusion coefficient in cm?/sec and #Athe area

For saline, the Warburg impedance is small compar®, in the range of 100 Hz

to10 KHz and often will not be included in the mbbecause the time scale is so

short that diffusion cannot manifest itself.
Considering: 'V, = 26mv

q=16x10"

n, = 9.3x10%° (as calculated before)

2=1 (for saline)

R, =10° 26x10°° _ 986x 10°°
16x10%°.93x10%A/7.f.D AVD

forlOOsz

10



Chemical reaction

This is only present when a slow chemical procesoimes the rate-limiting factor in
the overall reaction at the electrode (for exangsidon required for an intermediate
electrochemical reaction in short supply due twer reaction that produces it).
Then the current leaves the electrode to the swlufihe solution can be modeled as

a resistor by integrating the resistance of sotusibells outward from electrode.

o0

R, =[dR,

0
R,is the resistance of the solution.

For a planar disk electrode with one side expo€et.can show analytically that R
is given by [13]:

R.=pl4r

Where p is conductivity of solution if2.cm (72Q.cm for saline).
By direct analogy to thermodynamic shape factoedus heat flow problems, the

equation for a planar rectangular electrode wil[1g:

pIn( 41/ w)
7l

R =

S

Wherel andw are the length and width of rectangle in cm. Theation for a square
electrode can be calculated wHenw = a.

The equivalent circuit for the electrode for thiedhel is seen in Figure 3.

11



Fig. 3qvalent circuit of electrode
By making nonplanar microelectrodes and also sarfaughening, the impedance
can be reduced because there will be more areauiwent. Modeling of porous
surfaces is difficult. In general they can be medeas transmission lines but since we

cannot accurately measure or predict pore sizednthedance is given with a scaling

factor (K) that is fitted to experimental data [15]

Z,=@- DK/

So the equivalent circuit with porous surface cdesations will be Fig.4.

12



Zp

Fig. 4. Equivalent circuit of a porous electrode

Platinizing, which increases the effective surfaarea by a spongy deposit of
platinum black, will reduce these impedances by &wders of magnitude [7].

There are also parasitic elements in every cirdiiese parasitic elements are listed
below:

a) Resistance of interconnects
R.=pL/A

for most metalg is in order ofl0°Q.cm

b) Capacitance of interconnects to the electrdlyteugh a passivation layer
C, =& LW/d

or an improved approximation which takes intocamt sidewall contributions [16].

13



C, = 1155,6, LW/ d + 2805z, L(t/d)*%%

c) Capacitance between the interconnects and st $itrough silicon dioxide (or

other passivation layef}
d) Coupling capacitance between interconnects [16].
C, = 2,6, L[003(W /d) + 083(t/d) — 007(t/d)°%?](s/d) ***

which takes into account only two nearest neightmrductors and is the spacing
between them.

Fig. 5 shows the parasitic impedances.

14



"

Microelectrode
Interconnections

Passivation layer

i
Microelectrode /

Interconnections

| (b)
Microelectrode / s

Interconnections

(©)

i
Microelectrode /

Interconnections

(d)
Fig. 5. Parasitic elements of electrode
(a) Resistance of interconnects
(b)Capacitance of interconnects to the electrolyte tlmugh passivation layer
(c) Capacitance between the interconnscand substrate
(d) Coupling capacitance between interooects
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With all these considerations, the whole model ik like Figure 6.

Zp

Fig. 6. Equivalent circuit of electrode with allconsiderations taken into account

A Different Modeling Approach

Fig. 7. shows another approach to modeling theaslectrodes [8].

Rm
AWV ce AWV l
|
I

L

Fig. 7. Equivalent circuit of electrode (differentapproach)

Cs

Here Cs is the capacitance of all parasitic elemehhis includes the capacitance
from the metal of the electrode to the bath throtige insulation as well as the
accumulated capacitance of all the connectors shiélfled) wires. The formula for

the capacitance across an insulating material t#tive dielectric constants,

16



between a center conductor (the electrode metal)amheter d and a concentric outer

conductor (the electrolyte bath) of diameter Diigeg in as [8]:

_0245¢,

C pF/cm

S

o6()

Rm is the parasitic resistance of the metalliciparbf microelectrode.

Ce is the capacitance of the electric double Iayehe interface of the metal tip and
the electrolyte solution.

The electric double layer constitutes quite litlgrain electrolytic capacitor. Its value
for bright platinum at 1 kHz is about @B/cm?2 or 0.2pF/p2. There are different
reports on measuring this value [8]. By platiniziogpacitance Ce will increase from
0.2 pF/p2 to 60 pF/p2 (a ratio of 300 to 1). It sowt, however, behave as a simple
lumped capacitor of constant value. If one plots teal and imaginary parts of the
electrode impedance over the frequency range ofH0@ 10 kHz, both Ce and Re
appear to vary with frequency [17].

The rate at which these parameters decrease wveitbasing frequency depends upon
the presence of compounds adsorbable onto the ,ntietatliffusion rate of the ionic
reactants such as oxygen in the vicinity of the ttig rate constants of the reactions
themselves, and the presence of polarizing curréot® external direct-current
sources.

The most common testing solution for metal microetales is physiological saline,

17



and there it is found empirically that both Re a@el vary as/Jo (o is angular

frequencyw = 22f , @ has been used here insteadf @b keep formulas with the

same format in reference 8) while the phase amghich is equal taan™ oCeRe,

remains close to 45° (Fricke’s law [19]). This belba indicates that the simple
parallel resistor and capacitor is an inadequatdainof the process. Since the liquid
plate of the capacitor is a charge distributionairconducting medium in which
diffusion must play a role, the impedance wouldnse® be more adequately
described by a distributed rather than a lumpedarpater network. Indeed, a

transmission line with a high series resistance lange shunt capacitance per unit

length is one such distributed model. Its input éa@nce varies YN

TR

Fig. 8. Equivalent circuit of electrode using trangission line model

Rm

In practice, the recording of extracellular spikgiaty is done over the bandwidth of
100 Hz to 10 kHz, and the impedance measured atdhenonly accepted mean
frequency of 1 kHz is quite adequate to specifyptipperties. So Ce can be calculated
using 20uF/cm?2 or 0.2 pF/pu2 and then usitan ' wCeRe=1, Re can be calculated. It
is also possible to model with series resistanckcapacitance but a® approaches

zero in the real case, the conditialeRe = 1 breaks down, and at dc, since the tip

18



resistance is finite, the parallel circuit is maygpropriate than the series. Over the
frequency range of interest here, the series anall@lacircuits may be considered
interchangeable. Re is the leakage resistance @ushdrge carriers crossing the
electric double layer. Using classical kinetic thyefsom the rates at which an ion will

pass over an energy barrier at temperature T byndieagitation [8]:

FAV [/ 2RT -FAV /2RT

I =i,e —i,e
F is the Faraday constant £ 96,485.3365 C/mol), R is the gas constamd B

is temperature.

For voltage changes of less than a few millivdiis expression may be replaced by

the linearized equation.
i =i0iAV Alcm?2
RT

Since RT/F is about 26 mV at room temperature réisestance of the electrode may

AV _ 26mv

be expressed aR, =

[ io
ipis the same ag, in the previous model but this will be a DC modatd Re will

change with frequency and will be calculated usieg
Rs is the resistance of the saline bath betweemtallic interface and infinity (the
indifferent or ground electrode). This is sometintatled the spreading resistance

(The same Rs we had in previous model).

19



The spreading resistance of the saline bath idyefasind. Imagine a spherical tip of
radius r. The resistance of a thin spherical shfetlaline at radius r of thickness dr of
specific resistivityp is

dr
4r.r

dR = p

2

Integrating from re to infinity yields

Using 72.5Q.cm forp, one can find that for a 1-p tiR,, is 115 K2, for a 2-p tip, it

is 57 K2, and for a 5-u tip, 23Ck. For tips of other than spherical shapes the above
formula is not exact, but clearly this resistaregenerally negligible when compared
toZ,. For example, the 2-p tip can have an unplantthimepedance of 89 KA.
Platinizing will lower this to 1.0 M2 against which the value of 0.057(Mis small
enough to be neglected. Thus, regardless of tipesHa, is much less thaZ, (this

is certainly true of unplatinized tips) and consaafly can be neglected.

New Considerations
Let's look at part of our first model (Figure 6)dadiscuss the accuracy of this part of

the model (see Figure 9).

20



Fig. 9. Pant first model (in Figure 6)

For interface capacitance, although ideal capacibehavior has been observed with
liquid mercury electrode systems (which have péifjeemooth surfaces), there are
many situations, especially with solid metal eledas, where the high-frequency

impedance characteristic is not as expected .The rwst likely causes of the
observed frequency dependenceZpf (Interface impedance) are specific adsorption

and surface roughness effects[18]. With solid bidiced electrodes, the major source
of the observed frequency dispersi@ig) is probably due to the surface roughness

of the electrodes. That is why we ha¥e in our model. It has been observed that the
impedance locus of the interface impedange,, is well represented by a straight

line at an angl® to the real axis and given by the empirical equfi8]:

Z =K(ja)”

21



N

RporaL Rg

Fig. 10. Interface impedance of electrode
X is the imaginary anBy is the real part oZ, .
where K is a measure of the magnitude&f, B is a constant which has a value

between 0 and 1, (typically 0.8 for many biomedietdctrode systems)R.., is

actually Ryreaqt Riecroc It has been observed (Fricke, 1932) [19] that thesp

angle,®, is related to the fractional powé,such that

®=pr12 (904 degrees)

This empirical relationship represents the impedaoicthe double layer capacitance
in the presence of surface roughness effgtts. related to the degree of surface
roughness; the rougher the surface, the lower #heevofp. K also decreases with

surface roughness. As the phase angle of the imped& constant, the interface

impedance has been termed a “constant phase d@#&) impedance.

22



Some researchers have wrongly equated the constase angle impedance to the
diffusion, or 'Warburg' impedance which has a camsphase angle of 45 ° (ijg=
0.5), howeverf is generally larger than 0.5[18].1t is usually s#oto, although less
than, unity.

Many attempts have been made to interpret thetetiet surface topography has on
the form and magnitude of the interface impedafte best known model [20] is
that the impedance, Zo, of pores on the electraniace could be represented by
transmission lines. This model successfully expglajualitatively many aspects of
interface impedance. The many assumptions and sippations made, however,
limit its ability to represent accurately measumegedance data. This model can only
interpret constant phase angle behavior wieré.5 and it is therefore not optimal.
More complex transmission line models have sincenbguggested [21, 22, 23].
Although these models have been found to reprodueasured impedances more
accurately, many of them include arbitrary and tjoaable assumptions and the
increased number of variables involved makes thwishg of meaningful conclusions
difficult. At present microelectrodes are usuadtgted and the measured data fitted to
the empirical equation [24].

There has been also interest in Mandelbrot's wask ¢n fractal geometry to model
electrode impedance. According to the fractal cphc single parameter, the fractal
dimension, D, is capable of characterizing a rosghface without the need of a
detailed description (McAdams, 1990)[26].The idedased on an empirical formula

proposed by Richardson[27]. According to Richardsbgou measure the length of
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an irregular line by following its shape with a dhiaterval of length & you will

need Fs " intervals of lengths to cover the whole line due to the fact that when
gets smaller you will need more intervals .

The length of the line then will be the numbermrvals multiplied by the length of
intervalL(¢) = Fe*®. D is a measure of the irregularities of line.

Mandelbrot proposed that D should be interpretedim&nsion so a straight line will
have a dimension of D=1 and any other irregulag vill have a dimension of more
than one but less than 2 and the same way eaguiar surface will have a
dimension more than 2 but less than 3.This thetds been used to find a

relationship between D ( fractal dimension ) afidthe fractional power of the

CPA element by calculating the surface of a loagaterial and considering
capacitance of the surface.

The effective dimension can directly be measuretighy and X-ray scattering [28,
29] and by optical or electron microscopic imagealgsis [30].

Several attempts have been made to derive aniequatating the fractal dimension
of a surface to the interface impedance. Suchdtaabdels can be broadly classified
into three categories: hierarchical, fractal branghof single pores (Liu, 1985) [22];
fractal distributions of surface pore diametersp@al, 1987) [31]; fractal scaling of
the interface (Nyikos & Pajkossy, 1985) [32]. Thwstftwo kinds of models involve

the use of transmission lines/ladder networks.
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Using fractal scaling concepts, Nyikos & Ry (1985) [32] have derived
the following expression for the interface impedan£, , in the presence of surface
effects:

Z, =Ry, + A[Z.]”

total

where Z, is the anticipated interface impedance in the mtxsef surface effect§,is

a fractional power (0.33«1) related to the fractal dimension of the eled¢rsurface,

A is a proportionality constant which contains &kquency-independent factors

(such as a geometric descriptor) aRg,, is the sum of the series resistances due to

the leads and the electrolyteR(spread + Re|ectrode ).Nyikos & Pajkossy [32]

proposed that

At high frequencies, the interface impedadceis dominated by that of the double-
layer capacitanceC, . So

Z, =Ry, + K(jw)? whereK = A(C,)”

At low frequencies, the interface impedance is euitell represented by an
equivalent circuit model incorporating, inrgkel, a resistance and a constant

phase angle impedance(,), this impedance is equated with the double-layer

capacitance distorted by surface roughness eféexighe parallel resistance with that

due to charge transfer.
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R=

Z CPA

Fig. 11. Equivalent circuit of electrode

The impedance is given by

z - R
1+(jo)’ R 1K

It is naive, however, to think that surface effestd only distort capacitance and will
have no effect oR,, as assumed in the above model. It is more r&atisat surface

effects will affect the parallel combination of hoHowever, the above equation is a

useful approximation which allows qualitative ingestation of experimental results.
Conditions that affect the model

The electrode-electrolyte interface impedance besomon-linear, i.e. deviates by

more than 10% from its linear small-signalluea at a certain limit voltagé, ,

which is independent of the frequency of #geplied signal.V, :4—0mv, where
n

n is the number of electrons per molecule oxidizeteduced [18].
There is also a limit current of linearity, with this empirical relationship for many

electrode systems over wide frequency ranges [18]:

i, = Bo’
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where B is a constant particular to the electrodgesn and3 is the fractional power
.The presence of a parameter describing the fregyudependence of the linear
interface impedance in a relationship describing lon-linearity of the system is
intriguing. Unfortunately, no satisfactory physi@planation has been given in the
literature.

The constant phase angle impedance is relativedati over a wide range of applied
potentials. The charge transfer resistaRteon the other hand, derived from the
Butler-Volmer equation, is very non-linear, evem $mall signal amplitudes. It has

therefore been suggested thdtis the major source of observed non-linearities.

As low frequencies’ impedance is dominatedRpythe effects of such non-linearity

will be first evidenced at these frequencies [18].
Coatings of electrodes, open circuit potential @hhiis the potential naturally
occurring between working and reference electrade) time are also reported to

change the parameters of model [33].

FET-Based Sensors

It has been mentioned before that one can use Ekfexord signals from neurons
acting on their gatesAn electrolyte replaces the metal gate inedectrolyte oxide
silicon field effect transisto(EOSFET. Local voltage recording by an
EOSFET has to be distinguished from the application of B@SFET as an

ionsensitivetransistor (ISFET). For ISFETs molecular interactions of protons and
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other ions in the electrical double layer modulie threshold voltage. Here we are

dealing with a genuine modulation of the gate \g#{®&].

ISFETS

Gate

Source Drain

Fig. 12. Using FE® tecord from neurons

The ion sensitive field effect transistor (ISFEiRyented in 1970 by Bergveld [34], is
a solid-state device that combines the chemicahsiive membrane with the MOS
type field effect transistor. In its extensive stumlver the past 35 years, ISFET has
been characterized and measured, indicating drdwbaelated to: thermal-
dependency, long term drift and hysteresis. Thes#ofs limit the accuracy of
ISFET-based measurements systems, especially fomeddical and analytical
applications.

Changes in the pH of the electrolyte produce viariaton the threshold voltage due
to ionic activity at the electrolyte—insulator irfece. Hence, the measurement of the
threshold voltage of the ISFET directly changeshwhe pH concentration of the
electrolyte. The device operation of an ISFET candeduced from both the pH-

dependent characteristic of threshold voltage AaedMOSFET behavior. In fact, the
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ISFET devices are commonly biased in the triodéoreg.e. Vo<V —V; ), where

the drain current .5 is expressed as follows:

VDS

IDS = K[(Ves _VT*)_ ]'VDS

where K is the device transconductance factdgg is a drain-source voltage and

V; =V; + EPH denotes the ISFET’s threshold voltage resultirgnfrthe threshold

voltage {/;) of FET and EPH is the interface potential betwsensing membrane

and buffer solution [35].

V,

The drift in ISFETS is the shift 0% under constant currehis. According to the
V, oV

principles of ISFETSs, the shift o?f is the same asat—T and one can get the drift

oV.
of ISFET by the measurement—%ftl. The drift is independent of the electrolyte.

When t <

1000 h, the amount of the drift is approximatelpstant. And if t > 5000 h, it is close
to zero [36].

The response of an ISFET to a fast pH step is megg characterized by a fast
response, followed by a slow change in the samectilon, and ultimately a drift

which is linear or logarithmic with time [B7].
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Time response data show that the intrinsic respoinse is of the order of a few

milliseconds or faster. The presence of a slowarse occurs with a delay of the
order of minutes to hours after the pH variatjid8)].

The phenomenon called drift is a slow, continualignge of the threshold voltage of
an ISFET in the same direction. It is difficult tdentify the cause of this

phenomenon, which could be either a surface orlla éffect, or both. Polarization

effects or ion migration in the gate insulator n@use a slow drift of the sensor

signal at the temperatures normally uffl, [36].

Calculating SNR of Microelectrodes and FET Based ®®sors

Extracellular signals are usually less than 1mVne@se and signal to noise ratios
(SNR) are particularly important in the quality tbie signal that can be received by
the sensor.

In this section we are going to calculale tSNR of a microelectrode array
based on “Extracellular Recordings From Patternedrdl Networks Using Planar
Microelectrode Arrays” |IEEE Transaction oBiomedical Engineering, Vol.
51, N0 9, September 2004 [24] and compare ith WET based sensors reported
in  “Silicon Chip for Electronic Communicatio between Nerve Cells by
Non-invasive Interfacing and Analog-Digital Pessing” Advanced Materials

2002, 14, No.17, September 3 [5].
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The microelectrode's impedance has been modeiixthis formula Z, =R, f "

10,
(f 22— , T has been used here to be consistent with the papdrthe impedance
T

has been measured over the range of 100 to 500énh#izvas fit to the model using
linear regression. For gold they measuBd=14x10 and m=-0.69 and for a
platinized microelectrode they havg, = 1.1x10°and m=-0.36 and also they have

reported an estimation ofRSpread of 58k and 19k for gold and platinized

microelectrodes respectively.

Now the noise for a resistive element can be catedlas [39]:

f2
V, = \/4KT [(Zo + Ryyenq )of
fl

where K is the Boltzman constant and T is tempegatu

5000
So for goldV, = \/4>< 138x102*x 300 j (14x10° f ~°° +58000df = 885uV

100

5000
And for platinumV, = \/4>< 138x102°x 300 j (L.1x10° f ~%° +1900Qdf = 1461V
100
For FET Based sensors it is assumed that one canM@SFET formulas for
calculations.
In referencdb] it has been reported that:

“The bulk of the interfacing chip was kept at +6.8\h respect to the bath held on

ground potential with a Ag/AgCI electrode and tloeirse at +3-3.5V.The drain was
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connected to a subdrain voltage of +2.5-3.5V thhoagresistance of 10.&KThe
total source-drain current at the working point was = 300-400pA.A change of
voltage on gate of +10mV induced a current modoitatf -1uA, as checked before
each measurement”

Based on this information we conclude that the F&E been setup in the linear

region. Now “A change of voltage on gate of +10nmduced a current modulation of

-1pA” So gm:%:mOxlUGSince we have 10.8k at drain, this current
m

modulation should create 10.8mV modulation in otigmitage so we have a gain of

108 _ 108 we know gain=g,,-r, sor, = LB% =108k
10 10Cx10

To calculate the thermal noise in the FET we usds tHormula:

V2= 4kT§ g.1Z =4 138x1023-3oo§ -100x10° - (1080Y = 129x10™°  V2/Hz

[39]

Also we have flicker noise in a FET which can begiated as [40]:

Kg2r? .
V7= ﬁ% where K is a process dependent constant of ther of 10>

In this paper also it has been reported that leagth width of gate were 2um and

8um and the oxide layer was 10nm.

So c %% _ 885x107x 39
Tty 10x10°
y2 _ 107%.(100x10°-10809" 1

2 = - — = 2.11><1(T121 (V3
345x10°2x10°8%x10° f f

= 345x10° (F/m?)
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And finally the 10.8k resistor which is used to dithe transistor is a source of
thermal noise like any other resistance.

V. = 4kTR=4-138x107%-300-10800= 1.78848x107*° So the total noise will be:

5000
V. = \/ j 1.78848<10*° + 129x107™"° + 2.11><10‘12%df = 312V

n
100
To summarize the noise calculations:

Table Il
Compsoin of gain and noise
FET Sensor Microelectrode(platinum) | Microelectrode(gold)
gain 1.08 1 1
noise 3.12pVv 1.46pV 8.85uV

For FET sensor Pmos is usually used since theyeaeenoisy [41]g,, and r,will
determine the noise,, has power of 2 so to have less norgehould be as low as
possible but gaindg,, -r,) should be kept more than 1 because after thaotlyaut
signal will be weaker than original one. The bestup may be to increage as
much as possible and then to redugeuntil the gain is around one.

In the linear regiong,, = 2kV,s soV,g can be increased up ¥, —V; if linearity

of response is desired.

In 1968 Piet Bergveld has modeled in-phase interfeg voltage on source and drain
of FET sensors with the equivalent circuit showrFigure 13. These interferences
occur because long wires will bridge the distanegvieen sensor and amplifiers and

measuring devices so the interferences can be edupl them through interface
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capacitances and FET capacitances (especially thieea are multiple sensing points
there would be crosstalk on these wires.). He dised that to cancel the influence of

interference voltages, FET should be biased fasvbshturation region and resistance
on drain and source should be equd] € R,) [34].
Also since it is known tha¥; of these sensors is constantly changing it issbétt

bias these sensors in the linear region so chaoig¥s will have less influence on

recording voltages.

| L >
R

Cell —app— . o
long wires To amplifiers

‘ >

§ R Vi = interference voltage

iy
)
[}

Ri=interference impedance to drain or source

Fig. 13. Equivalent circuits of FET sensors

In summary the noise generated by field-effectdistors is substantially higher than

in metal electrodes because of both thermal nonitde%a noise and also drift as
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discussed. In metals, platinum has the lowest impeel and thus the lowest thermal

noise.
For platinized microelectrode, noise will come nhpstrom Rspread which is

electrolyte impedance but for gold noise will comestly from interaction between

microelectrode and electrolyt&().

Methods of Reducing Impedance in Metal Microelectrdes

It is very important to reduce the impedarafemetal microelectrodes as much
as possible since the main source of noise forIma@taoelectrodes is thermal noise
which is directly related to impedance.

To reduce the impedance, several methods haveuseehn the past.

1- A traditional approach to reduce the microelearatipedance is electroplating

them by platinum black which makes pores on théasarof metal so the effective

surface will increase and resistance will decrease.

The impedance of the microelectrode, because ofmMbek adherence of platinum

black to the underlying metal, will be unstabled®position of platinum black alone

because it can easily break. Marresse [42] disduskectroplating under ultrasonic

agitation so only those platinum particles that eadure the agitation, survive and
become part of the electrode. Increases in suidiaea of such electrodes up to 18
times over non-plated and up to 6 times over norasbnically plated platinum black

electrodes has been reported.
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Two orders of magnitude decrease in impedanceypieslly seen [7], [42].

While platinum black is a simple process that \gel large area increase, the
approach is unreliable for long-term implantatiobecause its flimsy dendritic
structures are not mechanically robust and evenall slissolution rate would cause
them to quickly lose their effectiveness.

2-Chemical modifications which are used to improvecbmpatibility, cellular
adhesion or controlling pattern of cultured cells substrate will reduce the
impedance by making a better connection betweds @aetl microelectrode [7].

3-It is known that some platinides, in particuladiam will form highly conductive
oxide layers in certain solutions under anodic ¢oons.

Microelectrodes coated with this oxidized, or aated, iridium exhibit considerably
lower impedances than do those using unoxidizedium (up to one order of
magnitude).The main disadvantage of these electrodes is thertainty about how
long the activated state persists under differentidions of use and storage.

The activated tip impedances are remarkabdpls for periods of several hours
of immersion testing and for brief periods of digyiand rinsing in distilled water,
However the microelectrodes occasionally appdar lose virtually all of
their activation spontaneously after many hoursglisuse in either the dry or wet

states [43].
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4-Creating microstructures with platinum on elect®dte another approach that has
been tried several times before [44]-[48] but renuc of impedance more than 5

times compare to a flat microelectrode has noasdéen achieved.

TOP VIEW h

MI L Microelectrode

— Tip

Fig. 14. Microstructures on microelectrode

In order to understand what we might expect frontrastructured electrodes, a

simple calculation for the reduction in impedaregiven below.

If a flat electrode surface are&,,, = (2w)’is reshaped to include posts with a height
h and widthw, the total electrode surface area becomeg, = (2w)* + 4wh .Thus

in terms of post aspect ratidi{w), the surface area is increased by a factor of

At = Aga -(L+ h/w) . To make microstructures which are capable of rieguc

post

impedance comparable to platinum black depositpz@,: 107 (maximum) [44].

To increase the density of the microstructures loa surface, a checkerboard

arrangement can be used [45].
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TOP VIEW

"

—

W -— unit area

Fig. 15. Checkerboard aangement of microstructures

In this case for the unit area:

Ay = 2w)?
A . = (2w)® +8wh

post

Apost = Aﬂat '(1+ 2h/ W)
If the microstructures are not in touch with eatheo and there is space between
them then the area can be calculated as follow:

for the case of unit area=3wx3w

TOP VIEW

H B
H B
1 "l N
H" N

—*

W unit area

Fig. 16. Checkerboard arrangement of microstructues with space

Aﬂat = (3W)2
Apos = (3W)° +8Wh
A A, .(1+8h/9w)

post —
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Or for any unit area with the size @i x aw

Ane = (@ w)?
Ao = (W) ? +8wh
A o = A -(L+ 80/ a®w)

post

These formulas have been used in chapter 4 tolatdcthe expected results of the

simulations. The numerical values for calculatibase been given in Table III.

Table IlI

A
post
Numerical values for the calculations of Aﬂat with different parameters
(all values are in pm)

h a=2 a=25 | a=325| a=4 a=5
10 11 7.4 4,78 3.5 2.6
w=2 20 21 13.8 8.57 6 4.2
30 31 20.2 12.36 8.5 5.8
40 41 26.6 16.15 11 7.4

Thus, one expects that impedance reduction of tinare one order of magnitude
should be achievable and impedance reduction shmutdore than what has been

shown in the literature. This will be discussedHer in chapters 3-5.
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Chapter 2
Neuron Modeling

The Biological Neuron

Axot hillock
‘ - Homa Lo
Dendrite Mucleus

Termitial buttons

)

Fig. 17. Neuron [49]

Each neuron is a cell that uses biochemical reagtio receive, process and transmit
information. A neuron's dendritic tree is connectied a thousand neighboring
neurons. When one of those neurons fires, a pesitinegative charge is received by
one of the dendrites. The strengths of all the ivececharges are added together
through the processes of spatial and temporal stimméapatial summation occurs
when several weak signals are converted into alesitegge one, while temporal
summation converts a rapid series of weak pulsa®s fone source into one large

signal. The aggregate input is then passed toahmgcell body). The soma and the
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enclosed nucleus don't play a significant role he processing of incoming and
outgoing data. Their primary function is to perfotime continuous maintenance
required to keep the neuron functional. The pathefsoma that does concern itself
with the signal is the axon hillock. If the aggreganput is greater than the axon
hillock's threshold value, then the neurires, and an output signal is transmitted
down the axon. The strength of the output is conistegardless of whether the input
was just above the threshold, or a hundred timegess.

The output strength is unaffected by the many twass in the axon; it reaches each
terminal button with the same intensity it hadle axon hillock. This uniformity is
critical in an analogue device such as a brain wisenall errors can snowball, and
where error correction is more difficult than inigital system.

Each terminal button is connected to other neuracr®ss a small gap called a
synapse. The physical and neurochemical charaitsrisf each synapse determine
the strength and polarity of the new input sigrdlis is where the brain is the most
flexible, and the most vulnerable. Changing the stitution of various neuro-
transmitter chemicals can increase or decreasanimunt of stimulation that the
firing axon imparts on the neighboring dendritetefihg the neurotransmitters can

also change whether the stimulation is excitatemynbibitory [50].
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The synapse

Tertrunal button

Synaphic Heuro-

transtritters

Fig. 18. Axon and dendrite at synap (where two neurons connect)

Molecular Structure and Modeling

A cell membrane is composed of protein%6d), lipids (%38) and
carbohydrate (%1-2). There are 2 types of lipidsytral lipids (cholesterol) and

phospholipids. Phospholipids consist of 2 portions:

1- Nonpolarpon (2 long fatty acid chains)

2- Polar port (contains charged phosphate groups)

In water or salt solution, lipids orient in a unguashion. Polar groups are

hydrophilic (water molecules are polar too) andyfacids chains are hydrophobic so

in water they will make a lipid bilayer.
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Fig. 19. Lipid bilayer [50]

The lipid bilayer is impermeable to ions, but tleis have ion pumps. lon pumps are

ion exchange mechanisms and ion transporters irbtly of cell which keep a

certain concentration of ions inside and outsidedéll. This difference between ion

concentrations inside and outside of the cell millke a voltage difference between

inside and outside. (resting potential). Concemnatlifferences are approximately

[50]:

K* 100mM inside 5mM outside (20x)
Na®" 10mM inside 150mM outside (15x%)
Cl~  5mM inside 110mM outside (22x)

Ca* 10“*mM inside 5mM outside (50,000x%)
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These mechanisms are constantly working to keegeheat resting potential. They
are slow and are not responsible for informati@amsmission.

lon channels are protein lined pores in the cetlypwhich can transport ions from
one side to the other, their response is fast hay &re responsible for information
transmission. They usually have a mechanism whigjydrs the transportation of
ions. The channels which do not have such mechamgntribute to a leakage
current. Each channel will transport a specialaod those channels can be modeled

by a voltage source and a resistance as shown Bgligw

OUTSIDE T

g
= I« Gei Ona Geca
£ Cm
d = e % Qe Q

> 4 b4 4
= ] o] ] 5]
& o o ;
[&]

T
INSIDE l

Fig. 20. Eqaient circuit of neuron cell

Modeling of the cells’ activity of different neursrcan be done using software such
as“Neuron” from Duke and Yale Universities [52] or &Besis” from Caltech [53].
Genesis works better on UNIX machines and Neurorbearun with windows.

These programs will calculate the intracellulargmbials. Intracellular potential will
pass to the outside of cell membrane through thie ichannels.

The membrane model shown above can be simplifiedhagsvn below. Using this
model for cell membrane impedance, the intracellsignal can be converted to

extracellular signal which will be received by acnoelectrode.
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Neuron

interacellular
signal

Ry
0 -|||—»w»

Microelectrode | i . 3

Fig. 21. Equivalent circuitfeuron in contact with microelectrode

C=membrane capacitancd&uf /cm?) x za®
R1=membrane resistanceg.1(ms / cm ?) x za?
a=cell's radius

R2=seal resistance=*__
d-57

p =specific resistance of electrolyte£Z2m for saline

d =distance between cell and microelectrode=30nm [54]

R2 is the seal resistance. This resistance is thecause the contact between the
neuron cell and microelectrode is not perfect anere is always some current

leakage to the electrolyte. The magnitude of thakage, of course, depends on how
good the neuron cell is sealed to the microeleetrd®®nm is an estimated seal

distance between the cell and microelectrode [54].

45



Combining the cell model and the microelectrode ehade can model the whole
system as shown below. Note that to model a mieodelde, a simplified model
called the Randles model has been used [55]. Thdeims basically the same as the
first model that has been discussed except forspgarampedances and Warburg

impedances which are considered low in the randeeqliencies of neuron activities.

Neuron

interacellular
signal

f

Microelectrode | i . 3

Fig. 22. Equivalenircuit of neuron and microelectrode

CI =Interface capacitance=CH+CD (double layer capace +diffusion capacitance)
Rct (R) = charge transfer resistance

Rs=solution resistance
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Model Simulation

Using the neuron models described and “Neuron’wsof (to generate intracellular
Potentials) and then entering the values into euttisimulator (for example Spice
[56]) and also an amplifier model, the output of gmplifier can be simulated and
compared with actual recordings. The results shdnddclose and the difference

should be the result of model simplifications andka.
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Chapter 3
Wetting Calculations

There has been ongoing research on designing @nddtang of microstructures on
microelectrodes in the past [44]-[48], but the m@dchn of impedance more than 5
times compare to a flat microelectrode has not ledmeved experimentally using
microstructures (much less than predictions).

There are two theories regarding why increasingstiréace area of microelectrodes
with microstructures does not result in decreasimgedance as much as expected.
The first theory [48] is that the electrolyte cahmontact the surface in the space
between the microstructures.

The second theory [45] is that the resistance efellectrolyte trapped in the narrow
space between the microstructures is the limitaadr .This issue will be discussed
in the next chapter.

Surface roughness can result in an increase irophdbicity (when the liquid cannot
lay completely on the surface) and will increase tiontact angle of drops on the
surface [57].

The contact angle is the angle that a drop of diquiil make with the surface.
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Hydrophobic Hydrophilic
Surface Surface

high contact angle low

Fig. 23. Contact angle

A drop of liquid can sit on solid microstructures2 different ways. See Figure 24.

Cassie and Baxter regime [57] Wenzel regime [58]

Fig. 24.Cassie-Baxter and Wenzel regimes

For a rough surface in the Wenzel regime, the obrangle @) is calculated from

this formula [58]:

cosf = Rgcost, (1)
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6,is the contact angle for smooth surface
R¢is the roughness factor defined as the ratio oflsbjuid area 4 ;-actual area) to

Asl

its projection on a flat surfacé{-geometrical or apparent area)&o= Ay

Cassie and Baxter extended the Wenzel equatioth&rcondition when the liquid
cannot wet the surface completely. In this casectirgact angle will be calculated

from this formula [57]:

cosO = cosOy — fiu(cosfy, +1) (2)

f1a is fraction of flat geometrical areas of liquidr imterfaces under the drop (ratio of
liquid-air area to the whole flat area under thepjir

There have been many discussions regarding thalaaémn of criteria for predicting
the regime the liquid will take on the rough sueariteria for transition from
Cassie-Baxter regime to Wenzel regime).Most rebess tried to calculate the
depth that the liquid could intrude into thieustures and comparing it with the
height of structures to predict the regime theidquill have on top of the surface.

C. W. Extrand [59] suggested a simple formula toudate the depth of intrusion for
ultralyophobic surfaces assuming the liquid wiltaddish its true contact angles on

the sides of microstructures(square pillars).
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Fig. 25. Depth of water intrusion between microstratures
d = btan(6,/2) (3)

Lafuma and Qu’er’e 2003[60] and Nosonovsky and Baus2007 [61] suggested
that the curvature would be the same at the topbatitm of the drop because the
curvature of the drop depends only on the pressgide the drop.

Consideringd = 40° for platinum [62], we can calculate the maximumuettbn in
impedance for microstructures by calculating theximam intrusion possible for
water (on platinum).

cos8 = cosOy — fio(cosby + 1)

fia = 0.75 for simple squared top pillars (not checkerboardragement-see Fig 14)
cosf = —-0.55 => 6 =123°
d = btan(6 /2)
SO
d = btan(123°/2)

d=Dbx184
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This shows that there can be a limit in the abitiftyelectrolyte to penetrate between
the microstructures as we increase the heightehtto get the higher aspect ratio
and lower impedanceTo reduce the impedance of the microelectrode ashnas
possible it is necessary to have full contact betwkhe solution and microelectrode
so the solution should be able to get in betweennticrostructures. Increasing the
distance between the microstructurbs Will increase the chance of transition from
Cassie and Baxter regime to Wenzel regime for liighpect ratios (because depth of
penetration will be higher) but will decrease thensity of microstructures (increase
the impedance because of less surface).

To have 100% packing density, pyramidal microstriiegs must be used. The chance
of the solution penetrating between the microstmes is maximum because the
distance between the microstructures at the topaisimum for this packing density
since they are sharp at the top point [63]. Thisfigoiration results in unstable air
pockets being formed between the pyramids resultngood liquid penetration

between them.
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Chapter 4
Finite Element Analysis

Simulation Parameters

One of the explanations [45] regarding the inapitit microstructures to reduce the
impedance of microelectrodes was that the resistaficelectrolyte trapped in the
narrow space between the microstructures was nhiérig factor .To test this issue,
2D and 3D simulations have been done using fingment analysis.

The ANSYS [64] finite element analysis softevapackage was used for these
investigations. This software solves Poissordad Maxwell's equations taking
appropriate boundary conditions into account. Toiware divides (meshing) the
area or the volume of the materials to small defirshapes (such as bricks,
tetrahedral...) called “elements” and solves the Bgna inside each one of the
elements.

To do these simulations, two materials have beemtiied and modeled for the
simulations. These materials are the double laydrtlae bulk electrolyte (saline).

For each material, the resistivity and permittiitgve been defined and then using
the software (ANSYS), a simulation has been donedétermine the voltage
distribution and current. The gain of the microtlede (factor of impedance
reduction over a plane electrode) is calculatethascurrent that the microelectrode

can provide divided by the current that a flat metectrode can provide.
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The double layer has been modeled as a 0.5 nm kypemd the surface of the

microelectrode as discussed in chapter 1 with:

permittivity= &, =6
A V,

resistivity= p = Ré = R x _ t
| 05nm  05nmxJ,

J, is the exchange current density for platinum.

Instead of using 0.5nm (5 angstrom) thick structioerepresent the interface, a
thicker 500nm layer is used instead. The thickgerdaallows for more efficient
meshing by reducing the size difference betweenitkerface and the electrode
geometry [65].

The values for permittivity and resistivity haveebechanged by the factor of 1000 so
that the resulting capacitance and resistanceeadidluble layer remains the same.
Simulations have been done with different layeckhess. Permittivity and resistivity
have been changed accordingly and the results nexxhdine same. Thus even though
the size of double layer has been increased byerdiit factors, scaling the
permittivity and resistivity with the same factoillwesult in the same answers for the
simulation because the resistance and capacitdnites aouble layer would be the
same as before and the current and voltage distibin bulk electrolyte (where we
measure current and voltage) will stay the samea Agither check, a simulation of
20pum microposts was performed and compared withiteeBom the literature [65].
There was no significant difference between the two

The saline solution has been modeled as the mlateaand the microelectrode and

the double layer area, given a size at least 18stimore than microelectrode size.
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This means that in Figure 26, the saline solutieteras on each side 5 times the

microelectrode footprint.
with:  permittivity=¢, =78

resistivity =0.72-m

1
NODAL 20LUTION

e —
100
LY -
LT Grounl (v=()

.0
011111

Fig. 26. 2D simulation of platinum electrode with nicrostructures in saline using
Ansys software
Color bar defines rang# voltage in the area.
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A sinusoidal voltage with the frequency of 1kHz ardplitude of 100mV has been
applied to the surface of the microelectrode armdtdip surface of the saline material
in the simulation has been grounded. The simulati@ve been done for the unit area
of a microelectrode. The structures around the anga have been drawn and
simulated to model the same situation in the mleisode (No voltage has been

applied to these structures).
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(b)
Fig. 27. Voltage activated unit areaisimulation of microelectrode.
(a- Top view, b- Side view)
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The Simulations have been done for pyramidal strestand squared top pillars.
Results
1- Squared top pillars with different size of unitar&nit area has been shown
for a 3D simulation in Figure 27(The area withire thed box). Also see
chapter 1 for the definition of unit area.
The results have been shown for w (width of pilRGum.
e Gain for simulations (G)

I
Gain defined as£2Z or the ratio of the current the microelectrodehwit

Ifiat
pillars can provide divided by the current the flatcroelectrode can
provide for the same voltage applied (frequencldiz and amplitude of

100mV) and this should be the same as the factonpédance reduction.

\Y%
Zflat _ /ﬂat _ Ipost

\%
Z post / post I flat

The graphs of these simulations have been showm letiter“G” in the

legends of the graphs and the number that foll@tterl “G” is the width
of the unit area in micrometers, so for example5G6eans the simulated
factor of impedance reduction when each side otithearea is 6.5um.

e Gain for analytical calculations (g)

A
The gain defined asAP—OSt or the area with the pillars to the area of flat
flat

microelectrode for graphs of calculations.
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This has been calculated as discussed in chaptershould be the same
factor as the impedance reduction. The graphs esfetitalculations have
been shown with lettéig” in the legends of the graphs the number that
follows letter “g” is the width of the unit area imicrometer so for
example g6.5 means the calculated factor of impsslaaduction when

each side of unit area is 6.5um.

g=gain from calculation G=gain from simulation

an
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\
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Factor of Impedance Reduction (gain)
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o
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Fig. 28.Gain for different distance between mrostructure (square top pillars)

The simulations have shown the same effect ofébistance of electrolyte trapped in
the narrow space between the microstructures asbdéen seen in the literature [45]

in particular as the space between the pillarsetier (smaller unit area).
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Yet, though there is some difference between tla¢ytical calculations and the result
of simulations for the checkerboard arrangemer ¢thallest unit area-G4 and g4 in
graphs) our simulations show that a factor of rédacin impedance more than one
order of magnitude should be achievable but it hat been seen in previous

experiments due to air pockets between the pillars.

Fig. 29. Pyramids in simulation of pknum electrode using Ansys
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The simulation also has been done for pyramidalcsires, at highest packing
density and that has been compared to the redudismalation for squared top pillars
at highest packing density (checker board arrangéme

The width of the base of the structures (pyramashal pillars) is 2um.

Gain for Pyramidal Microstructures

45
40

35 —
30 _

75 —

: =
10 —

Height{pm)

Factor of Impedance Reduction (gain)

Fig. 30.Gain for Pyramidal struitires (results of simulation)

The results show that pyramidal structures canltrésueduction of impedance of
more than an order of magnitude compared to plamaroelectrodes but unlike
square top posts there would be less chance f@oakets to be trapped between the

posts.
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Chapter 5
Analytical Field Calculations and
Comparison with Simulation

In this chapter the accuracy of ANSYS simulatiomssharp objects will be evaluated
to determine the accuracy of the simulatiolmsfinite element analysis the elements
around a sharp edge will approximate the sharp.eédgeaccuracy depends on the
size of the mesh of elements and can be a soureasfin simulation.
A 2D sharp edge has been simulated and compatbdhi results of analytical
electric field calculations based on electric feetdsulting from a sharp hyperbola and
a flat ground plate [66].
These calculations are based on defining a confof@ig transformation that
transforms series of lines parallel to tkexis, and in thez-plane, to a series of
confocal hyperbolas in the-plane.

=x+iy and w=u+iv

trdomation: w= k coshz

k is constant
The liney = %n in thez-plane is transformed into the line= 0 in thew-plane.A

straight line in thez-plane, parallel to the-axis and close to it, transforms to a

hyperbola in thev-plane which corresponds to an idealized edge.

1uiv = k coshx cosh y + k sinhx sinh iy
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Fig. 31.Transformation of pallel lines to cofocal hyperbolas

The hyperbolas will have these equations:

u? V2

— - = 1Error! Bookmark not defined.
k%cos?y  k2sin?y

and their asymptotes will be :
v =tutany
The electric field at the intersection of each hpoéa andv = 0 is [66]:

Eparallel plates __ 4

ksiny T/, xksiny
So the voltage on each equipotential hyperbolabzagalculated by integrating the

Ehyperbola =

electric field on v=20

Error! Bookmark not defined.

2 2

= =1=> u=kcosy =>siny= [1——

kZcos2y
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= —Arcsm(—)

2V
Vhyperbola = j >
u
Jikz

The y=0 axis will be mapped to =0 with u>k and V=" and y :%

will be mapped tou =0 .

Since the sharp edge has to be approximated byparlyla, the corresponding
equipotential line as the parallel plates shouldehthe same voltage/). So if the
approximated hyperbola is corresponding te £ in the parallel plate configurations

then the formula for the equipotential hyperbolals be:

vV u
Vhyperbola = n_ArCSln(E)
7B

To approximate the sharp edge with a hyperbolatf@sulas can be used:

4l i A o

v

Fig. 32yperbola parameters

The sharp edge sides will be the asymptotes tbyperbola.

a= The distance between the top of sharp edgestmtérsection of hyperbola on the
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v = 0 axis

b=The distance between the intersection of hyparaptly = 0 and the side of sharp
edge (asymptote)
h= The height of sharp edge minus “a”

c=half of the sharp edge’s width

b = ca
a+h
_ b
,B—arctga
and
k = a® + b?

The simulation has been done for a sharp edge (With 10um andw = 2¢ = 2um
hereh means the height of sharp edge and the width) and a sinusoidal voltage has
been applied to the sharp edge. The flat planebkas grounded 30pum away from
the sharp edge (This was the distance that wasedéded the voltage to fall to zero
close to 10um before our actual ground plane.)difierence between the analytical
calculations and simulations is that the calcufegiomap an infinite parallel plane
to infinitely long hyperbolas, but the simutatiis for a sharp edge aspect ratio
of 5 (h = 10um andw = 2c¢ = 2um) so it is expected that the calculations would be
more compatible far away from the sharp edge (lmxdar away the effects of
hyperbolic shanks will be negligible) and as thetatice from the sharp edge
decreases to a value comparable to the height ap sbdge there would be some
difference between the calculations and simulation.

The simulation has been done for a sharp edgeiatil Oum andw = 2um .
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Fig. 33.Simulation of shampdge equipotential linesh=10um
The values for voltage have been calculated foryegypm from the ground plane to
the sharp edge and have been compared to thesregslimulation.
Table IV

Comparison of calculated and simulated voltage atifferent distances from the
ground plane for a sharp edge (h=10m)

Distance from ground plane Calculated voltage Redidimulation (range)
5 0.010829 0-0.011111
10 0.021977 0.011111-0.022222
15 0.03386 0.011111-0.022222
20 0.047188 0.022222-0.033333
25 0.063696 0.033333-0.044444
30 0.099947 0.088889-0.1
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Fig. 34.The results of calculatioof sharp edge equipotential lines

If the height of the sharp edge is increased, (tapgle constant and equal to the
angle of original sharp edge with 10um height apan2width) the results will be
more compatible with the calculations. Therefore simulation has been done for a

sharp edge with = 30um (see Figure 35).

67



men T ANSYS

Honcommercial Use Only

TIME=1000

ﬂ30
74#44?

Fig. 35.Simulation of sharpdge equipotential lines h=3fim

Table V
Comparison of calculated and simulated voltage inifferent distances from the
ground plane forsharp edge (h=3fim)

Distance from ground plane Calculated voltage Redgudimulation(range
5 0.010829 0-0.011111
10 0.021977
15 0.03386
20 0.047188
25 0.063696 0.044444-0.055556
30 0.099947 0.088889-0.1
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Table VI
Comparison of calculated (infinite height) and similated equipotential lines for
sharp edgés=30um) and h=10pm)

Voltage Calculated distance Simulated distanc( Simulated distancg
(equipotential lines) from ground plane h=10pum h=30um
0.011111 5.127307256 8 5.533981
0.022222 10.10373429 16.85714 11.06796
0.033333 14.78284082 22.28571 15.14563
0.044444 19.02693571 26.57143 21.5534
0.055556 22.71143187 28.85714 25.92233
0.066667 25.72724484 29.42857 28.54369
0.077778 27.98598746 29.57143 29.12621
0.088889 29.42119217 29.71429 29.41748

It can be seen from Table VI that by increasing lilegght of the sharp edge the
calculation and simulation will be more compatitiiggure 36 shows the simulations
of sharp edges with=30um and h=1@m and analytical calculations together with

obvious more compatibility betweér30um and calculations.
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(a) (b) (c)
Fig. 36. Comparingnaulation and calculations
(a) Simulation ofharp edge equipotential lines h=3m
(b) Calculation of sharp edge equipotential lines
(c) Simulation oharp edge equipotential lines h=10m

This shows that the result of simulations for arghedge is close to the results of

analytical electric field calculations for the sasterp edge so one can be confident

that a sharp edge simulation will be accurate.
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Chapter 6
Design and Fabrication

To test the idea of whether making pyramidal mitragures on microelectrodes will

reduce their impedance more than what is showhenliterature, a fabrication plan

has been designed. Commercial microelectrodes itiamdalical applications have

been obtained from Ayanda biosystems (Qwane Binse®. These microelectrodes
were made of platinum and SU8 as the insulator %jitm thickness. Each electrode
has a diameter close to 30um.The impedance of timés®electrodes is normally

around 1M.

The fabrication process has two steps:

1-Electroplating the microelectrodes (a-c)
a- Original microelectrode
b- Electroplating

c- Microelectrode after complete electroplating

2-Creating microstructures using Focused ion beatteming (d)
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(a)

(c)

()

Fig. 37.Fabrication processes of pyramidal micitructures on microelectrodes
a) Original microelectrode

Electroplating

Electroplating is a process in which metal ionstisolution are moved by an electric
field to coat an electrode. The process uses &lakturrent to reduce cations of a
desired material from a solution and coat a condeabject with a thin layer of the

material, such as a metal. The part to be platdtkisathode (negative) of the circuit.

su-s

sU-8

glass

Electroplating

'

. sSuU-s
{h} lass

suU-s
s-s sU-8
glass
FIE
S5U-8 SU-=a

b) Electroplating

c) Microelecte after complete electroplating
d) Creating orbstructures using Focused ion beam
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The anode (positive) is made of the mehalt twill be plated on the part. Both
components are immersed in a solution called actrelgte containing one or more
dissolved metal salts as well as other ions thahpehe flow of electricity. A power

supply supplies a current to the anode, oxidizirgrhetal atoms so they will dissolve
in the solution. At the cathode, the dissolved mietas in the electrolyte solution are

reduced at the interface between the solution hadcathode, and they "plate out"

Positive
metal |ons

Plated layer

onto the cathode [68].

Fig. 38.Electroplating

In our case the cathode was the electrodes. Theeamwas platinum wire (obtained
from Surepure Chemetals, USA).To decrease the iemmed of the anode the

platinum wire has been wrapped around itself inghape of a coil (increasing the
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area). The solution or electrolyte was PlatinumnDigne Dinitrite (P Salt) and
Ammonium Sulfamate (from Technic Inc., USA).

In electroplating, a negatively charged layer isrfed around the cathode as the
process continues. When using DC, this layer clsatgea certain thickness and
obstructs the ions from reaching the part. To sth&problem in practice, the output
is sometimes periodically turned off to cause thyger to discharge somewhat. This
allows easier passage of the ions through the lagdronto the part on which we
wish to plate [69].

The other advantage of this technique is that luighient density areas in the bath
become more depleted of ions than low current tieaseas. During OFF time, ions
migrate to the depleted areas in the bath. Whesep@N occurs, more evenly
distributed ions are available for deposition athi® part we wish to plate [69].

The problem with electroplating the microelectrodeas that not all of the
microelectrodes would have the same thickness atinpim electroplated on them
and in some cases platinum starts to come outedidhe (in the SU8) and spreads on
the SU-8 before filling up the hole (see Fig. 46imyilar to the electrode plating that
has been reported in other experiments [44].

To reduce this problem, pulse plating has beenahbt&cause of the capability of
plating more evenly [69]. The power supply has bsento provide 2 volts for 90
seconds and O volt for 10 seconds. The microeléestnave been connected to each

other (15 of them on one side of the microelectraay) and electroplated.
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(a) Before Electroplating (b) After Electroplating
Fig. 40.Microelectrode Bwe and After electroplating
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FIB

Focused ion beam, also known as FIB, is a usefilinique in the semiconductor
industry and materials science. FIB has also sqmpécations in the biological field
as it can provide the ability of three dimensiomadrphology and precise sectioning
[70a].

The FIB machine is a scientific instrument thatkea lot like a scanning electron
microscope (SEM). However, while the SEM uses aided beam of electrons to
image the sample the FIB uses a focused beam sfinstead. FIB machines can also
have both electron and ion beams, allowing the $atope investigated using either
of the beams [70b].

Almost all FIB machines are using liquid-metal igources (LMIS), especially
gallium ion sources [70b] because of low meltinginpowhich minimizes
interdiffusion with tungsten needle and also heawgss. lon sources based on
elemental gold and iridium are also available [although such sources are not
commonly used due to their expense and other prable

In ion source part of a FIB machine, gallium metalplaced in contact with a
tungsten needle and the needle is heated to nagosation, gallium wets a sharp
heat resistant tungsten needle with a tip radiug-5fim and flows to the tip of the
needle where the opposing forces of surface tenarmh electric field form the
gallium into a cusp shaped tip called a Taylor cpf@b]. The apex of this cone is

very small (~5 nm) in diameter.
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The intense electric field at the small tip causeszation and field emission of the
gallium atoms (created by an electrode called etdrgust under the needle).

Source ions are then generally accelerated andsdéocwnto the sample by
electrostatic lenses.

The primary ion beam hits the sample surface, tiiesiobns of the incident ions with
the surface create secondary ions and secondaityogie which are collected to form
an image of the surface as the beam is rasteredsatihe surface [70b].Secondary
electron detection is the chief method of imaging images can be obtained using
back-scattered electrons or secondary ions aswigth are more useful in studying
the material structure of the sample.

In summary we have these main parts in a FIB machin

* Electron / lon source

The beam of electrons or ions is emitted from piaig with selectable energy.

* Lens system

The beam enters the lens system consisting of alee&ctromagnetic lenses (for
electron beams) or electrostatic lenses (for iceni®ebecause they are heavier) and
exits to hit the specimen surface.

» Scan unit

The scan generator moves the beam in a raster tbeerspecimen area using

deflection plates or scan caoils.
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* Detection unit

The detector system picks up the ions or electroosyerts them into an amplified
electrical signal which is then sent to the conttomputer and displayed on the
monitor.

The entire electron path from source to specimestrbe under vacuum so that the
particles do not collide with air molecules.

There are two ways of creating microstructures gitiB machines and these are
either milling or gas assisted deposition. In mdli high energy ions impact the
material and shape the surface by removing the rrakhtén deposition, a gaseous
compound is introduced through fine gas nozzlesecto the surface of the sample.
The ion beam will decompose the gas into volatitel aonvolatile parts and
nonvolatile parts will stay on the surface and witate the deposition [70c].
Chemical analysis has shown that platinum depogiteélis fashion contains a large
amount of carbon incorporated into it from the lmoklown precursor gas (30-50%)
[72] and deposits usually show higher resistanem tbxpected for pure platinum.
This is the main reason for choosing milling oviatipum deposition in this project.
To create a pattern using milling, a bit map figande used to tell the machine how
much milling is needed in each spot (pixel).

For theFEI Quanta 3D dual beam [73] which was used inphigect, each pixel in a
24 bits RGB bitmap file consists of:

* TheRed component — currently not used.

» TheGreencomponent — determines if the beam is blanked. &hgr value than 0
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activates the beam.
» The Blue component — determines the dwell time per pixebllfe is set to O the
dwell

time of a pixel is 100 ns. If blue is set to 266 maximum dwell time is used.
The dwell time for the pixels in between these ealis linearly interpolated and then
rounded to the value from a (fixed) dwell time &llith 124 entries.
The beam current in this project was 3nA at 30k¥é.Tdeam current is directly
related to the spot size of the beam which in tdase will be ideally 66nm in
diameter according to the machines manias. important for the pattern’s pixel size
to be greater than beam diameter.
Dwell time is the time that the beam spends in esgot. To estimate the dwell time
needed to make pyramids with the highest aspedb rpbssible, for each
microelectrode a hole has been made to measurthitkmess of platinum and the
dwell has been determined based on that. The nexasuts in the machine are based
on a simple calibration on a regular grid of knodimensions so the machine will
count the pixels on the image between two chosets §nd based on the calibration
calculates the distance.
When the sample is tilted by andlethere are two tilt correction modes, surface and
cross-section. Surface is for measuring featuaealle! to the surface, and it divides
the apparent horizontal length by d9s{o give the actual length along the surface.
Cross-section is for measuring features perperalidol the surface, like the holes,

and it divides the apparent horizontal length by68ito give the real depth of the
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feature. Measurements that have been cross-sexdroected are denoted by "cs" on
the images.
The pattern that was chosen to make pyramidal sticrctures is designed to make

pyramids with 1um width. The pattern will be 11x gdikels so each pixel will have
the size of 1;‘—? or 91nm which is bigger than beam diameter. Theepafor one

pyramid has been shown in Fig. 41. The patterriis 11 pixels. The middle pixel is
red which means blue and green is set to “0”. ©hike very top of pyramid in which
no milling will be done. For the rest of the pixejgeen has been set to “1” and blue
has been changed from “0” to “1” in five steps @& which means more milling as
the pixel goes from yellow to white (red is set“td everywhere but has no
effect). The value for steps one and two are bottb&@ause it has been observed that
without this change, the height of the post will dag shorter probably because the
beam has a gaussian distribution and the overl@pedbeam for neighboring pixels at

the top will result in milling the top.

Fig. 41. The pattern for one pyramid
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Several of the pyramid patterns have been put lhegén a circle to be transferred to

the microelectrode as shown in Fig.42.

Fig. 42. Complete pattern of microelectrode

It has been observed that drift in the beam posiimssibly due to impact with other
molecules in the vacuum chamber and also the atmrgp of SU-8 around the
microelectrodes and other contaminants on the seidathe microelectrode) can be a

problem for making the pattern, so the vacuum enahamber should be of the order

of 10 ~°> mbar. Also to reduce the effect of drift on thet@a the “maximum dwell
time” has been increased (based on the height r@inpigs) so that pyramids can be
made in one pass of the beam. The height of thenpgs is the same as the thickness

of the platinum coat on the microelectrode. To neate this thickness and
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determining the maximum dwell time, a hole has bewae on the microelectrode

and the thickness has been measured (Figure 43).

Fig. 43. A hole in microelectrode to measure the itkness

Fig. 44 shows the effects of the drift on the grattwhen it is made in one pass. The

pattern was supposed to cover the surface of mentede but instead it was

roughly % of the diameter. The diameter of the microelear®30um and the time

to finish the pattern was 10 minutes which meamsdtift was around—4x10x60 =

12.5 nm/s (downward).
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The drift also creates some misshaped pyramidsigluhie process and some of the
pyramids are thicker and many of them have extughoess on their surfaces. Some

pyramids also came out shorter than the rest.

Fig. 44. The effeckdrift on the pattern

Also for those microelectrodesgith extra platinum spreading around the hole due t

electroplating, FIB has been used to clean aronadhble (see Fig. 45) .
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(a) Before Cleaning (b) After cleaning
Fig. 45. Microelectde Before and After cleaning
Fig. 46. shows few samples of microelectrodeseaetid of the process and Fig. 47.

shows close up of microstructures.

84



i

10.1 mm| 5000 x |26 °

<<
S
©
©
©

5.00 kV

‘12 18:43 PM‘

..A
i

Fig. 46. Samples of microelectrodes at the end pifocess
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Fig. 4Tlose up of microstructures

The area shown is 7umx4um.Each microstructure is Ipx1um at the base

Ga and Toxic Considerations

Since in this study, the FIB uses Focused Gallimmsifor milling, there is the
possibility of some gallium ions getting implantedo the platinum. This can raise a
guestion about the level of toxicity of Gallium oalls. Gallium has shown to have
low level toxicity on cells to the point thatt has been considered as a
replacement for mercury in dental amalgam [74].

It has been reported that concentration of gallians around cells up to Immol/L

was safe and no cytotoxic effects have been noficgd

Immol /L = 6.02x10%ion /L = 6.02x10"ion /cm?
Gallium ions will be implanted in platinum with agssian distribution shown below

[75]:

N (X) = N &Pl = (o) ?)
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Fig. 48. Guassiarstibution of implanted Gallium
X is the distance from the surface of material exgdsegallium ion beanN ., is

the maximum concentration of penetrated Galliuns ishich will happen at distance
R, from the surface.

N . is proportional to the dose of ions that will lemstoward the sampleR p IS
the average range of penetrated ions projectech@rditection of the incident and

A R is its standard deviation which can be calculatefV4]:

_ 2R, MM,
3M; +M,)

and

R
M

1+(
3M,
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R is the average range of penetrated ions (noegwg). M, and M, are ions
atomic mass and substrate atomic mass respectuoelye concentration of Gallium

on the surfaceXe0) can be calculated as:

N(0) = N expl- .St M2)yzg

2" 2 /MM,

For Gallium M,=69.72 and Platinuni ,=195.08 the concentration of Gallium on

the surface will be:
N (O) = N I’]’]aXe_S.8
N ..« is proportional to the dose of ions but in the stmase there would be a layer

of Gallium at R, .Gallium has atomic radius of 135 pm so a layeGaflium will

1072
2x135x107*

not have more thaf )? = 1.37 x10™ion / cm? which means on the

surface there will be no more than

137 x 10" x e ®® = 414 x10*ion /cm?

If all these ions break the bonds with platinum anel released around the neurons,
considering the smallest neurons will not be lgsantl gm , then the worst
concentration of gallium around the neurons will béess than

414 x 10*?

0 = 414 x10"ion /cm?®

This is an order of magnitude less than the safieetration reported in the literature

[74].
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Chapter 7
Measurements and Results

Impedance Measurement

The impedance of a microelectrode is usually datethby measuring the voltage
and current of the microelectrode while it is ie golution. A power supply is needed
to create current. The measurement is done in euitirconsisting of the

microelectrode we are interested in measuringnitpedance (usually it is called
working electrode) and another electrode whichesessary for the closing loop of

our circuit (reference electrode) [9].

Power
supply
®)
working electrode reference electrode
[ e ]

4®_

Fig. 49. Two electrode cell
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This arrangement is called a “2 electrode cell” endseful only if the reference electrode is madé
very large area (low impedance) compared to thé&iwgrelectrode because what is measured in th
arrangement is actually the impedance of the wgrkiectrode plus the impedance of the reference
electrode and the solution.

The other arrangement which is usually used in raooeirate measurements is the “3

electrode cell”. In this arrangement we have thekwng electrode, another electrode

which is called the counter electrode or auxilialgctrode and a reference electrode

which in this case will measure the working eled&@oltage.

FPower
supply

®)

working electrode

<
\ counter electrode

@ reference electrode

Fig. 50. Three electrode cell
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In this project we used the “2 electrode” configima because the microelectrodes
are small (30m diameter) and the impedance is in the range d@ B¥id the solution

resistance can be calculated as:

0.72

4x15%x10°

R=p/4r = =12KQ (see chapter one)

So the solution resistance compared to the miattelde resistance (about IMis

negligible.
VE
(o]
§
R
6 TLC274/5_2/
% . 7
10m! @
ovd
L
-0
R VE
1 Pes
1
V 1
e 1
\% 4 +

Vo TLc274/5 21

) u2
VvC mi
e

9 TLC274/5_2/

\Y
\‘* ‘ 8 |
o TN
\
[ 0w

\Y

0]
Fig. 51.Potentiostat design for 2 electrode cell

The op-amp is TLC274BCN which is a general purpopeamp with high input

impedance and low noise necessary for measuring inigpedances because it is
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important that the input impedance of the op-ammgsdoot interfere with the
microelectrode impedance in the measurement cir8itce we are working with
10mv signals to measure the impedance (to keepnibmelectrode impedance in
neural recording mode-see chapter 1) a low noisanop is desired. The circuit in
Fig. 51.has been used in this project to measaepedance of microelectrodes.
Microelectrodes have also been tested with a Ga&tefgrence 600 [76] potentiostat
machine with no significant difference in the reésul

Results

44 Microelectrodes on 4 different sets of microglmbe arrays have been
electroplated and patterned. The results of theedapce measurements have been
given in table VII.

The impedance of microelectrodes has been meabefeck the start of the process
and their impedances have been found to be betw@@k and 1M2 which is the
same as what the manufacturer claims. In Table B impedance of the
microelectrode before the process has been catculas 1NM2 for simplification
purposes £z). The gain after each step (i.e. Electroplating=tB) is calculated as
“Impedance before process” over “Impedance aftat #tep of the process”. The
reduction in impedance after electroplating depewods the roughness of the
electroplated coat and is not controllable or réggda but the average gain in
reduction of impedance increases with the thickioédise coat.

To calculate the reduction in impedance by creatireg pyramidal microstructures,

the formulas for calculating the area of a pyrawwat be used and the gain can be
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calculated as the area of pyramid over the arg¢heobase. In This case the width of
the base is 1um so the area of the base is 1lp2naiEzeof the pyramid can be

calculated as:

Area = 2Vh% + 0.25
Also since during electroplating, platinum tendscaver the walls of the S5Sum deep
hole of SU-8, this has to be considered too. Tka af the wall is:
The perimeter of the microelectrode x 5um thicknesghe wall =30m x 5=
471.24p2m
The area of the microelectrodd §sx 15 x T = 707u?m. This means there will be

an extra gain of impedance reduction equal to d@tie of the area of the wall and the

471.24

area of the microelectrode. The extra gain carebmilated as-—_— = 0.67.

So the total gain can be calculated as:

gain = 2Vh? + 0.25 + 0.67
Table VIII shows the results of calculation versiis results of impedance reduction
after electroplating and after the FIB processems that the results of measurement
at the end of the process regarding the factormgdedance reduction (gain) are
roughly twice as what was expected consideringcileulations (see Table VIII).
This can be a result of misshapes of pyramids atréd eoughness on the surface of

them. The extra roughness provides even more ackttharefore less impedance.
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Fig. 52 shows misshapes and roughness of the susfanicrostructures.

e

Fig. 52. Misshapes and extra roughness of thearostructures
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Table VI
Results of the impedance measurementsdifferent steps of process
(All impedance vada are in KQ,Z, =100KQ)

Sample Impedance| Gain after | Impedance| Gain Height of
after Electroplating after after | microstructures
Electroplating (é) FIB (Z;) FIB inum
(ZE) Z ZB
: (%)
ZF
S4B2 500 2 142.8 7 1
S4L1 1000 1 166.6 6 1
S4R9 250 4 142.8 7 1.5
S4T14 500 2 125 8 1.5
S2T5 100 10 2
S3T6 166.6 6 90.9 11 2
S4L5 1000 1 105.2 9.5 2
S2T2 125 8 80 12.5 3
S2T3 125 8 80 12.5 3
S3B10 500 2 100 10 3
S3R1 125 8 76.9 13 3
S5B11 100 10 80 12.5 3
S5B9 111 9 83.3 12 3
S5L10 400 2.5 125 8 3
S5L11 333.3 3 125 8 3
S5L13 333.3 3 86.9 11.5 3
S5L7 400 2.5 153.8 6.5 3
S5L9 333.3 3 117.6 8.5 3
S5R12 125 8 80 12.5 3
S5R14 142.8 7 83.3 12 3
S5R4 142.8 7 83.3 12 3
S5R5 125 8 83.3 12 3
S5T15 200 5 83.3 12 3
S3R6 71.4 14 50 20 3.5
S5L3 100 10 66.6 15 3.5
S5T14 153.8 6.5 62.5 16 3.5
S2T4 142.8 7 57.1 17.5 4
S2T7 142.8 7 57.1 17.5 4
S3R14 71.4 14 55.5 18 4
S3R2 71.4 14 52.6 19 4
S3R9 66.6 15 38.4 26 4
S5R6 111 9 55.5 18 4
S5T8 125 8 57.1 17.5 4
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Table VI
Results of the impedance measurements in differeasteps of process (Continue)
(All impedance vada are in KQ,Z, =100KQ)

Sample Impedance| Gain after | Impedance| Gain Height of
after Electroplating after after | microstructures
Electroplating (é) FIB(Z;) FIB in um
(Ze) - (é)
Ze
S3B1 44.4 22.5 31.25 32 5
S3B12 125 8 68.9 14.5 5
S3B4 55.5 18 44.4 22.5 5
S3B7 83.3 12 62.5 16 5
S3R12 57.1 17.5 43.4 23 5
S3R3 66.6 15 52.6 19 5
S3R4 62.5 16 47.6 21 5
S3R7 50 20 40 25 5
S5T9 125 8 57.1 17.5 5
S3R13 44.4 22.5 28.5 35 6
Table VIII
Comparison of measurements and calculatis of impedance reduction
Height of Calculated | Average Gain afte Average Gain| Range of]
Microstructures Gain Zs Z, gain
in um 7 Electroplatlnqz—) after FIB(Z—) after FIB
=) E F
Ze
1 2.9 1.5 6.5 6-7
1.5 3.8 3 7.5 7-8
2 4.7 3.5 10.1 9.5-11
3 6.7 5.8 10.9 8-13
3.5 7.7 10.1 17 15-20
4 8.7 10.5 19 17.5-26
5 10.7 15.9 22.5 16-35

The Factor of impedance reduction using this tegmiis at least 5 times more than

what has been achieved previously in the literatise there is potential for even
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more impedance reduction since the commercial rieotrodes that have been
obtained had a 5um SU-8 layer and thus that wasntagimum electroplating

thickness achievable.

There is a lot of potential for improving this teefue in using thicker insulation

layers and achieving even higher aspect ratiostwiitt result in less impedance.

Conclusions

Different theories regarding modeling of microetedes and also neuron cell bodies
have been studied and summarized so one can santhtatesults of recording from
real live neuron from intracellular generationte putput of amplifier.

Advantage and disadvantage of metal microelectr@es FET based sensors for
neural recordings has been discussed.

Different ways of reducing the impedance of theroetectrode and their problems
regarding their stability especially for long terimplantable devices has been
presented. The problems with designing low impedaneroelectrodes by creating
microstructures have been discussed in detail atmilations and simulations have
been done to define the origins of problems.

Finally based on our calculations and simulationdasm has been defined to design
low impedance microelectrodes with higher stale#iitior in vivo applications. The
fabrication process has two parts which consist fiodt electroplating the
microelectrodes and then creating microstructusgsgufocused ion beam patterning.

Milling has been chosen over deposition to creaierastructures because FIB
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depositions are not pure and usually show higheistance than expected for pure
platinum.

A bitmap pattern has been designed to make pyramdaostructures. The pattern
will define the milling time in each pixel for threachine. To create the pyramid there
will be no milling at the top and more milling ibgs toward the sides so the pixels
will go from darker shades to lighter shades agiwéoward the sides. Several of the
pyramid patterns have been put together in a citolebe transferred to the
microelectrode.

Drift was the main problem in transferring the patton to the microelectrode and
creating microstructures. To reduce the effectrdt dn the pattern the “maximum
dwell time” has been increased so that pyramidsbeamade in one pass of the beam.
Since gallium ions will be implanted into the phatm, calculations have been done
to ensure that the final product will not have togffects on cells.

The Impedance of commercial microelectrodes has besiiced more than 1 order of
magnitude with a simple procedure and the mechhstehility and impedance of
these microelectrodes are better than what has tegemted in the literature. This
technique can potentially have many applications ifmplantable biomedical
microelectrodes where impedance and mechanicailigtatf microelectrodes are
both important.

There is also a lot of potential for improving théchnique in regards to improving
impedance reduction by making higher aspect raticrastructures and also

improving in making the procedure more repeatalyledntrolling the drift in FIB
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machine. One way of controlling the drift can besidaing a sacrificial layer with
another layer of metal on top of the SU-8 isolatimyer. This layer will be removed
after creating the microstructures but will be grded during FIB process and

prevents SU-8 from charging up and deflecting teanh. This plan has been shown

in Fig. 53.
susg suUs
a
{ } glass J
Electroplating
B
suU-s su-s
{b} lass
sus sue
(c) glass
metal metal
— p—
{d} suU-s =1 sus
glass
metal i metal
{E} sus suUs
glass
{ﬂ s5uU-8 suU-se
glass

Fig. 53. Fabrication processes with sacrificial mel layer
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