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SUMMARY

The objective of the proposed research imwestigate thelectrodeelectrolyte interface

of ultraminiaturized biocompatible electrodBsectrodeto-cell/tissue interfaces with high
biocompatibility, lowimpedance, and loagrm chemical anchechanical stability are of
paramount importance in numerous biological and biomedical applications. For meticulous
monitoring of biological parameters, there is a rapidly growing interest in sensing at sub
cellular levels with radically improved spatiotparal resolution, which necessitates ultra
miniaturized electrodes with significant reduction in electrode contact sizes. Such
aggressive electrode downsizing inevitably impacts the electrochemical interfaces, with
the consequences still poorly understobllis paper reports the first systematic analysis

of the interfacial electrochemical impedance spectroscopy (EIS) of electrodes comprised
of a variety of biocompatible electrode materials consisting of gold (Au), platinum (Pt),
indium tin oxide (ITO), anditanium nitride (TiN) coated with/without organic polymer,
poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), with electrode
diameters D) ranging from millimeter to subcellular (<10 um) dimensions. PEDOT:PSS
coated electrodes have gredradaic charge transfer capability and capacitive coupling
compared to their uncoated counterpartdDAt 10200 um, PEDOT:PSS coating reduces

the electrode interfacial impedance at 1 kHz by up td-%d@ile atD > 200 um, the effect

is lessened du dominance of solution, or bulk electroyte, and routing resistance. The
low interfacial impedance of PEDOT:PSS coated electrodes make them promising

candidates for nexgeneration bioelectrical interfaces with subcellular spatial resolution.



CHAPTER 1. INTRODUCTION

Numerous biological and biomedical applications, such atastd assays/actuatfts,
2]implantable deviceE3, 4] wearable electronid®] drug/chemical biomonitorinfg] and
synthetic biologj/7] rely primarily on electrodeell or electroddissue interfaces with
goad biocompatibility, lowimpedance, high signaéb-noise ratio (SNR), longerm
electrochemical stability, and minimum biofouling. These applications have broad and
profound impacts including broadening fundamental understanding of biological processes
through Orgaron-Chip deviceg8-12] treating brain injuries via neuroprostheldis; 15]
and accelerating drug discovery with muitodal cellbased sensofdé6-18] The
electrodecell/-tissue interfaces enable spatiotemporal recording of various cellular signals,
e.g. intra/extracellular potentials, local field potentials (LFPs), amll/cdl-surface
impedances, as well as bioelectrical stimulation and a wide variety of electrochemical
reactiondl, 6, 7, 14, 19-21] For intimate monitoring of cellular parameters, there is a
considerably growig interest in improving spatiotemporal resolution, increasing the total
field-of-view (FoV), minimizing device invasiveness, and boosting the number of
simultaneous parallel readout chanrjél21] Consequently, enhancing spatial resolution
entails aggressively trimming electrode sizes towards subcellular features (<5 um) and
scaling the total FoV to the tissue level monitoring-8>2nm), a éat that requires
extremely dense yet largeale microelectrode arrays (MEAs) on rigid or flexible
substrates with high reliability. However, such extreme miniaturization of electrodes
inevitably | imits the el ect ragtichlysnéreasesthect r oc

electrodeelectrolyte or electrodeell interfacial impedanci2, 23] The increased



interfacial impedance directly raises thermal noise that deteriorates interface SNR and
consequently constrains any electrical or electrochemical detef2igr&b] Furthermore,
manyin vivo(e.g., pacemakeend neuroprosthetics) amvitro (e.g., labon-chip devices

with cell-based assays) applications demand low eleciretienterfacial impedance to
support cellular bioelectrical stimulation with minimal invasiveness. High interfacial
impedance causes large voltage drops across the electibeessue interface that will
diminish stimulation efficacy and may generate uni®d electrochemical reactions
resulting in both electrode degradation and tissue damage. Recently, it has been proposed
that increasing the overall surface area of electrodes through utilization of three
dimensional (D) electrodes, such as silicon nam@s, offers potential solutions to
decreasing impedance while maintaining an even more aggressively scaled interface
footprint to subum sizeqd.26-29] However, most reported nanowire electrodes cannot be
individually addressed, or are intrinsically not extendable to a large scaledddeatray,

and are often employed in a lumped array with many nanowires lumped together as one
pixel at a pixel spatial dimension of 100 um ~ 10 jirf, 30] consequently lowering the
actual spatial resolution and underminthg purpose of using tee subum electrodes. In
addition, 3D electrodes typically require complex fabrication steps with lower yield and

compromise integrity as well as lotgrm stability in cellular measurements.

Therefore, it is imperative to explore aggressive miniatuorattn 2D or 2.5D
electrodes with higlyield fabrication processes while maintaining their low interfacial
impedance for high recording quality, stability, and reliability. This will not only
fundamentally enable the negéneration bioelectrical sensirand actuation, but also

implore the need to characterize electrodes of various sizes and materials/coatings at



subcellular levels. Considerable studies on modeling the eleatedolyte interfaces

have established our understanding of the effectsraduselectrode properties, such as
electrode materials and sizes, on the biosensing and electrical stimulation through
MEAs [20, 22, 24, 31-41] Previous investigations have also demonstrated thatiniborm
distribution of current near edges of electrodes often causes early electrode degrgtjations.
42, 43] Recently, conducting polymer coated electrodes have been considered as an ideal
alternaive to conventional metal or metakide electrodefl4, 39, 44] Particularly,
PEDOT:PSS coated electrodes (>10 um) have been shown to significantly reduce the
interfacial impedance and thermal noise, while maintaining-temg electrochemical
stability and excellent biocompatibility due to its mixed electronic/ionic conduc{y.

25, 31-33, 42, 45-50] In addition, the elastic nature of PEDOT:PSS reduces the mechanical
mi smat ch at t he interface bet ween el ect
biocompatibility and decreasing their invasivenés$. However, despite several decades

of research, the performance limitations, electrochemical characteristics, and electrode
electrolyteinterface attributed to electrodes of varying compositions, sizes, and polymer
coatings have not been systematically characterized, especially for electrodes of subcellular

sizes that exhibit substantial edigearea ratios.

In this study, we report a crehensive characterization of severahouse fabricated
electrodes for binterfacing with a wide combination of subcellular to micro sif2s (
2.5 umi 1,000 um) and biocompatible electrode materials (Au, Pt, ITO, TiN) with and
without PEDOT:PSS poiyer coating. To our knowledge, TiN microelectrodes have not
been systematically characterized with a PEDOT:PSS coating yet and that this study is the

first time PEDOT:PSS coated Au, Pt, and ITO electrodes have been analyzed at subcellular



sizes. Electrochmaical impedance spectroscopy (EIS) was carried out to extract the

equivalent circuit parameters and calculate the impedance values with our electrode
electrolyte model.These results provide new insight of elements that influence the

characteristics of miaturized electrodes and serve as the foundation forgemnération

bioelectrical interfaces permitting aggressive miniaturization and radical scaling.



CHAPTER 2. IMPEDANCE CHARACTERIZATION AND

MODELING

2.1 Electrochemical Impedance Spectroscopy

Various subcellular tanicro-sized electrode arrays with 10 different sizes=(2.5, 5, 10,

15, 20, 50, 100, 200, 500, 1000 pm) and interface materials (Au, PEDOT:PSS/Au, Pt,
PEDOT:PSS/Pt, ITO, PEDOT:PSS/ITO, TiN, PEDOT:PSS/TIN) were fabricated on 500
pm thick silica wafer sulicates. Each electrode could be individually addressed via 10/100
nm thick Ti/Au routing and pad leads that were eventually connected to an output pin. The
routing consisted of one 2 um x 3.1 mm trace followed by one 5 pm x 9.1 mm trace and
was passivatedy one layerof e m t hi ¢ k Bvery variarg of micr@lectrodes

was accompanied by an adjacent passivated microelectrode of the same type to characterize
any parasitic impedances through the passivation and substrate. Each wafer contained four
sds of opened and passivated microelectrodes with varying sizes of a specific interface
material as shown iRigure 1. Two wafers of each material were tested with the device
layout shown inFigure la Details of the irhouse fabrication are described ire th
Experimental Section. The tepew optical images irFigure 1b-l and crosssectional
scanning electron microscope (SEM) images of various electrodésgure 2a,b
illustrated that the routing traces were fully passivated by the parylene CHayee 2a

showed that PEDOT:PSS successfully covered the surface of the electrodes fully and also
coated the parylene C sidewalls as expected due to the nature obatng Due to the

uniform nature of spin coating, the thickness of PEDOT:&38s<=lectrodes of different

sizes but will experience a greater sidewall to planar area ratio for smaller elecliusles.



top-view SEM images ifrigure 2c-g andFigure Alarevealed that for the same material,

the morphologies did not exhibit significant vaioas over electrode diametefhe
thickness of PEDOT:PSS does not vary significantly (<10%) across different electrode
materials as shown iRigure Algj. Bare ITO, Au, Pt, and TiN surfaces exhibited an
average surface roughné€Ss) measured by light ietferometry of 1.44 nm, 1.47 nm, 1.05

nm, and 1.67 nm, respectiveind root mean square heighg)(8f 1.80 nm, 1.84 nm, 1.32

nm, 2.09 nm, respectivelys shown irFigure A2. With a coating of PEDOT:PSS, the
surfaces of ITO, Au, Pt, and TiN were measuredavesimilar surface profiles witB, of

1.88 nm, 1.12 nm, 1.22 nm, and 1.48 nm, respectaetiS, of 2.40 nm, 1.40 nm, 1.67

nm, 1.85 nm, respectively. The change in surface roughness with PEDOT:PSS is not

monotonous, which may be attributed to fastien variation during spin coating.
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Figure 1. Optical microscopy of fabricated electrodes. @) picture of the device layout

on a 4inch silica substrate with input/output pins attached to gold pads via silver epoxy
for characterization and a glass védsended to hold electrolyte via PDMS. 4 sets of
opened and passivated meso to subcellular sized electrodes with 10 different diameters
ranging from 1000 um to 2.5 um were incorporated onto each wafer. Top view optical
images of Au electrodes with = b) 1000 pm,c) 100 um,d) 2.5 um. Top view optical
images of electrodes with = 10 um comprised o€) Au, f) Pt, g) ITO, h) TiN, i)
PEDOT:PSS/Auj) PEDOT:PSS/Pk) PEDOT:PSS/ITO, anj PEDOT:PSS/TIiN.
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Figure 2. Morphology and structure of fabricated electrodes. a)Falsecolored 90°
crosssectional SEM image of a PEDOT:PSS/Au microelectrode showing the electrode
opening approximately 1.1 um below the parylene C layeich encapsulates the routing
and electrode seel) Falsecolored 90° avsssectional SEM image of the Ti/Au routing
fully passivated by parylene C. Top view SEM images of PEDOT:PSS/Au microelectrodes
with diameters o€) 500 pum,d) 100 pm,e) 50 um,f) 10 um, andy) 5 um.

EIS measurements were performed, within a frequef)cgpéin of 110° Hz, using a
threeelectrode configuration with the fabricated electrodes as the working electrodes. The
impedance magnitudes and phase values for metal and dielectric electrodes are depicted in
Figure 3,4, respectively, while the Nyquistqik are presented irigure A3. Detailed
conditions of the EIS are described in the Experimental Section. As anticipated, for the
same materials with varying sizes, the interfacial impedance was approximately inversely
proportional to the combined effect electrode perimeter/area since a reduction in
di ameter l' i mits the el ectrodesFKgured.flnecti ve
addition, PEDOT:PSS coated electrodes exhibited different impedances over frequency

depending on the material it was @xhbver as the electrochemical interfacial impedance

was determined by a combination of the PEDOT:PSS and the underlying material. This



could be explained due to the swelling nature of PEDOT:PSS due to uptake of mplecules
which will enhance ion transfep tthe interface with the underlyingaterial]52] and

increase volumetric capacitance, lowering overall impedgB8ePEDOT:PSS/Au and
PEDOT:PSS/Pt electrodes displayed similar impedances their bare counterparts having
impedances already matching closely. PEDOT:PSS/ITO and PEDOT:PSS/TIN electrodes
exhibited dfferent impedances from each other, PEDOT:PSS/Au, and PEDOT:PSS/Pt due

to bare ITO and TiN electrodes displaying unique impedances over frequency. For the
same electrode size with different materials without PEDOT:PSS coating, ITO exhibited

the highest iterfacial impedance followed by Au, Pt, TiN, in good agreement with
previous studief?2, 31, 46, 54] which can be explained do their differences in intéafac
capacitances. Abw frequency, ITO, Au, and Pt electrodes wBhO 200 Om behav
mostly capacitively as reflected with a ne@@° phase &tO 1 k Hz , i mplicat.
impedance was dominated by the capacitive coupling of the material and detitere

solution resistance negligible. In contrast, Au, Pt, and ITO electrodeDw®h 200 Om
transitioned into a more resistive behavior at higher frequeri€@es (L 0 k Hz) due t o
and routing resistance. TiN electrodes experienced this resiativerwheiO 10 kHz at
much smaller sizeswithb® 20 Om whil e behavi nf moOdt Hy c
foor DO 200 Om. At 1 kHz, the typical frequenc
values of ITO, Au, Pt, and TiN electrodes widk= 1000t 0 2.5 Om scal ed fr

32.5 MY, 1.8 kY to 17.2 MY, 1.9 kY to 9.0
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With the PEDOT:PSS coating, the electrodes exhibited reduced impedance magnitude at
1 kHz by up to x18? x10% x10"4 and x16° for ITO, Au, Pt, TiN electrodes,
respectively, depending on the diameter of the electrotles effect of PEDOT:PSS
tended to be less effective®tO 5 Om for Au, Pt, and | TO e
reductions by about 4.5, 2.2, and 1.4 times, respectively, @he@.5 um at 1kHz. This
observation could be addressbg measurement limitations of high impedance bare
electrodes when compared to PEDBPSS coated electrodes and increased fabrication
variations at smaller scales. However, TiN electrpddsch possess a lower impedance

than Au, Pt, and ITO electrodekd not appear to suffer from this phenomenon, while still
maintaining approximatelyraorder of x16° of reduction at the smallest diameter when

coated with PEDOT:PSS. Apart from PEDOT:PSS/ITO electrodesivih 200 Om, al
PEDOT:PSS coated electrodeswvitl® 10 Om ex hi bi tresidtiveanatyper e d o mi
atfO 10 kHz a smaihshabovept$? avhile transdéioning to a combined
capacitive/resistive behavior at 1 kHzforO 100 Om PEDOT: PSS coat
electrodesanBO 20 Om PEDOT: PSS/ Ti N electroxdes. PI
O 100 Om s lapacivelresistivechardcteristicbetween 100 Hz and 100 kHz

as the phase tends to decrease from 1 kHz to 10 kHz due to the poles and zero caused by
electrochemical elemenkq (lower frequency pole)a (higher frequency polendRc
(zero),shown inFigure 5 and increas after 10 kHz due to the zero froRs(+ Rg). At 1

kHz, the lowered impedance values of PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes
spanned from 1.5 kY to 23 MY, 1.1 kY to 3.
MY, respecti velag.bunlamdelod® unspagsivatet aectmdeigure

Ada,bdemonstrated that parasitic capacitances consisting of the EIS measurement device

12



and solution over passivation above routing electrodes ranges from 1.85 pF to 15.72 pF.
These parasitic capacitasosill be important when extracting the solution resistances due
to the introduction of a pole at higher frequencies as observed when the phase drops at

higher frequencies for larger electrodes rather than continuing to approach 0°.

2.2 Electrode-Electrolyte Circuit Modeling

Figure 5. Equivalent circuit model for electrodeelectrolyte interface

The extracted equivalent circuit components from the impedance, phase, and Nyquist
plots for all electrodes were fitted into oelectrodeelectrolyte circuit model (Figure 5).
Theoretical analysis of the equivalent circuit model is showhignre A5. The circuit
model consists of a doublayer capacitance represented by a constant phase element
(CPE) impedance&a, shunted by bith a parasitic capacitan@p and a faradaic impedance
Zr, together in series with a solution, or bulk electrolyte, and routing resistaacel Rr,
respectively.Zr is composed of a charge transfer resistaReén series with a linear
diffusion elementonsisting of a CPEaq, representing electrolyte ion adsorption shunted

by diffusion resistancBp.[39-41] Here,Zq accounts for thaonideal, norfaradaic double

layer capacitance defined by the relatfape , whereQ measures the magnitude

|L

r

of a CPE impedancg&crg, the nonideal componentquantifies the phase change values

13



between 0 and 1 (ideal capacitor), ancepresats angular frequencg, f.[24, 42, 55] The
parasitic impedanc€p represents the combination of the stray capacitance between the
electrolyte and the parylene C passivation above the routing traces and the parasitic
capacitance of the measuremetievice. The solution capacitance, or electrolyte
capacitancg36, 56] in parallel with the solution resistance illustratedFigure Aba is

given byCs = 2UD whereUrepresentshedielectric permittivity of the electrolyte (~&).
Therefore, the solution capacitance can be neglected due to its small value ranging from
3.54 fF to 1.42 pF fob = 2.5 and 100Qum, respectively. The charge transfer resi&er
embodies the resistance of electron transfer from the electrolyte téettea@e during
faradaic reactiong24, 38, 42] The constant phase elemefat accounts for the double
layered capacitance accosting for the adsorption of the transferred ions on the electrode
surface that is involved in faradaic reacti¢88, 42] The resistorRs constitutes the
resistance of the solution between the counter (Pt coil) and the working ele {24 Bs;.

42] The resistoRr is caused by the parasitic resistance originating from the metal routing,
pad, silver epoxy, input/output pins, and connection to the uner@agnt equipment. The
Warburg impedance was not included in the model as it did not notably contribute to the
overall impedance in agreement with previous studies on microelecf@H&4, 32, 42

The modeled impedanceagnitudes and phase values are superimposed onto measured
data in Figure 6 and the Nyquist plots showRigures A-8 with the extracted equivalent
circuit component values summarizedTiables Al-8, revealing that our proposed circuit
model accurately & the interfacial impedance of the electrodes encompassing the

measured frequency range.

14
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Figure 6. Fitting of EIS plots of D = 1000 pum (black), 100 pum (blue), 10 um (orange)
electrodes of different materials with and without PEDOT:PSS using extracted
equivalent circuit components. ad) Measured (open circle) and fitted (solid line) bode
impedance (top) and phase (bottom) of bare Au, Pt, ITO, and TiN electrodes, respectively.
e-h) Measured (open circle) and fitted (solid line) bode impedance and phase of
PEDOT:PSS coated Au, Pt, ITO, and TiN electrodes, respectively.
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2.2.1 Solution Resistance §R

Utilizing the extracted component valu€sgure 7 reveals the effects of miniaturizing
electrodes on each equivalent circuit element. The extracted values of solution resistance
(Rs) versus diametei)) are plotted along with their size dependent curvd-igure 7a).

All electrodes at a specific dimears demonstrated th&; values were relatively close to

each other within x1%, corroborating with previous reports tiitscales inversely with

perimeter by relationships —,whereji s t he solution r-ensi sti vi

f or Du Iphospbatedbbffered saline (DPBS), and is not affected by the total area
related to surface roughndgel, 36, 56] The inversely proportional relationship to
diameter of the electrochemical element Ryrcould also be explained as roniform
current distributes as current will crowd near the edge of the ele¢ttodig. In addition,

it was observed that PEDOT:PSS coating had negligible effect®soms it was
predominantly determined by the electrode material that was in contact with the solution,
coinciding with previous studig4.4, 31-33, 39, 42] Due to the desirable ion permeability

of PEDOT:PSS, the underlyingaterial will therefore dominate the valueR{[42, 57]

For all electrodesRs expresses a perimeter dependency, having an inverse variation of
approximately 1D for mesescaled down to subcellular resolutions. The measured
parasitic resistancBr anged f r om ,6&iBich could be hccduelt fog by

fabrication variations.

2.2.2 NonFaradaic Constant Phase ElementJZ

The extracted reactance values at 1 kHz of thefamdaicZq| ————are shown in

Figure 7b. FromTables Al-8, theng values of ITO, Au, Pt, TiN electrodes were found to
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range from 0.74L, 0.731, 0.880.93, and 0.54.89, respectively. With the coating of
PEDOT:PSS theq values of ITO, Au, Pt, and TiN electrodes generally increased overall
varying from 0.770.95, 0.721, 0.821, and 0.79.95, respectively. Although the physico
chemical origin of the CPE behavior at the electreldetrolyte interface is not yet fully
comprehended, previous studies have propos
causes the CPBEature with perfectly smooth electrodes behaving as ideal capacitors with
n= 1 and lowen corresponding to increased surface inhomogengRi& <6, 42, 58-60]
FromFigure A2 andTablesA1-8, there appears to be no significant correlation between
measured surface roughness am$ surface roughness remained relatively similar across
materials and coatings. However, PEDOT:PSS will swell in sol(iign61] which may
smooth the resulting surface and increase the valogwdhile also increasing volumetric
capacitand®3]. AtDO 1 0 @mat 1 KkHhreaence of bare ITO, Au, and Pt show a
mostly area dependency oDEP, 1/D*78 and 1D*®° respectively. It is important to note
that the reactance df start to stray away from the areal dependencpferl0 um which

could be attributed to the comhion of capriciousness observed in the phase
measurements caused by measurement noise of high impedance el@ir@#sand
loweredn due to increased surface inhomogeneities at smaller scales during fabrication
such as met liftoff for microelectrodes below 10 um. In contrast, of all diameters tested,
the 1 kHz norfaradaic reactance of bare TiN and PEDOT:PSS coated ITO, Au, Pt, and
PEDOT:PSS/TiN exhibited a combined predominantly areal relationship relativi®%o 1/
1/D1% 1D and 1D?% and 1/3-°8 respectivelysince the capacitance of PEDOT:PSS
scales with film volumgb3]. Althoughsmaller electrodes experience a greater sidewall to

planar area ratio, this does not affect the resulting film volume significantlygkrnou
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change the observed areal relationship Dok 10 um In general, PEDOT:PSS/TIN
electrodes were found to have the smallestfacedaic reactance, denoting that they have
the largest capacitive coupling followed by PEDOT:PSS/Au, PEDOT:PSS/Pt, TiN,
PEDOT:PSS/ITO, Pt, Au, and ITO electrodé®r bioelectrical recording, it is beneficial

to have lower 4q| as thebiological field potentials can travel easier through the

cell/electrolyteelectrode interfad@3, 25].

2.2.3 Faradaic Constant Phase Element{¥Z

To evaluate the faradaic constant phase elemggnl, | —, the extracted

reactance values at 1 kHz against electrode diameter were analyzeasgh Vidhees of ITO,

Au, Pt, TiN electrodes spanned from O®&5, 0.8%1, 0.790.92, and 0.8®.89,
respectively. After PEDOT:PSS coating, thevalues of ITO, Au, Pt, and TiN electrodes
improved to 0.951, 0.960.99, 0.890.98, and 0.94, respectively. This could be attributed

to the excellent ion permeability tame of PEDOT:PSS that allows for increased transfer
of ions on the electrode surface involved during faradaic read¢®@ng2, 57] As shown

in Figure 7c, PEDOT:PSS/TIN electrodes exhibited the smallest adsorption reactance
while bare ITO electrodes generally possess the largest reactaic®forl 0 OO For
10 um, theZas 1 kHz reactance of bare ITO and Pt electrodes showed a cambine
perimeter/area dependency obi73 and 1D respectively, while the reactance of Au
electrodes exhibited a mostly areal proportion @?#%. Like Zq, the reactance faq
started to deviate from tHi2 O 1 Odef@naency fob < 10 um in the casef bare ITO,
Au,and PtForDO 2. 5 O m,Z.gtedctancelof barkl ZiN and PEDOT:PSS coated

ITO, Au, Pt, and TiN electrodes demonstrated a relatively similar reliance on collective
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area/perimeter, having their reactance scaled wiii%/ 1/D*6 1/D*%8 1/D%2 and
1/D*%2 respectively. The deviation @gqfor D < 10 um can be explained similar to the
case ofZq, which could be attributed to the combination of measurement noise of high
impedance electrodes and increased fabrication variations at smaller scales for
microelectrodes below 10 um. The values of charge transfer redgtoand linear
diffusion elementesistor,Rp, are listed inTables Al-8 and plotted against diameter in
Figure A9a,b, respectively, showing an inverse correlation with size for Battind Rp.
PEDOT:PSS was shown to significantly redieeby up to 1000 times, which could be
attributed 6 the enhanced ion permeability innate to PEDOT:PSS; therefore, significantly
improving charge transfer. Due to the nature of the 188robserved at the measured low
frequencies, lowest being 1 Hz, the valuesRef were relatively insensitive during
extraction due to the absence of a clear zero observed near 1 Hz in the bode phase plot,
leaving minimal errors observed in both phase and amplitude. Therefore, the EIS from 1
mHz to 100 kHz of selected electrode siZdy 60, 100, 500 pmyas measured to gvide

a visualization oRp in the bode impedance plot as the phase at lower frequencies start to
increase towards 0° as showrrigure A10. The overall faradaic impedanag, at 1 kHz
against size is presentedrigure A9c showing that the coating oE®OT:PSS generally
reducesZr at 1 kHz, improving faradaic charge transfer. For biological recording, it is
advantageous to have the lowest posgib)éacilitating field potential transfer through the

cell/electrolyteelectrode interface.
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Figure 7. Scaling effects of electrode diameter on equivalent electrochemical circuit
components of the electrodelectrolyte interface. a)Solution resistance values are
independent of material/coating and closely match calculated predictiyn€PE
reat¢ance at 1 kHz foZy is lowered by PEDOT:PSS with PEDOT:PSS/TIN having the
lowest reactancec) CPE reactance at 1 kHz f@gq is lowered by PEDOT:PSS with
PEDOT:PSS/TIN exhibiting the least reactance.

20



2.2.4 ElectrodeElectrolyte Impedance at Action Potentizdnd

The overall electrodelectrolyte interfacial impedance magnitudes at 1,kitach is
within the action potential frequency b468|, (Zr) versus diameter of all eleottes is
presented ifrigure 8ato visualize the differences of each material used in this study. It is
noted that at resolutiodb O 200 Om, PEDOT: PSS/ Ti N electro
impedance while bare ITO electrodes exhibited the largest impedance. The reduction in
impedance from PEDOT:PSS depends on both dimension and material. For the case of Au
and Pt electrodes, over arder of improvement in impedance could be observed for 10
OmD® 200 Om. Do BOWeOm athe effect of PEDOT:
due to increaseRs andRr contributions to the total impedance for both bare and coated
Au and Pt. Similarly, DO 5 Om, the effect of PEDOT: PSS
possibly due to the convergence of perimeter and area at smaller scales and
inhomogeneities in coverage of PEDOT:PSS during spin coating over small openings
which may decrease the separatiorct@ace oZq andZag between bare and PEDOT:PSS
coated electrodes, consequently diminishing the effectiveness of PEDOT:PSS on overall
i mpedance. I n contrast, PEDOT: PP® Hadd iOms |
with Rs andRg attributing more tahe total impedance at larger sizes.Bad® 50 Om, t h.
benefits of PEDOT:PSS were reduced, which could be attributed to higher reactasnce of
for PEDOT:PSS coated ITO compared to bare ITO. Meanwhile, the reactaBgdarf
PEDOT:PSS ITO remained lowtnan that of bare ITO. For TiN electrodes, the impedance
of Zi1 was improved by PEDOT:PSS for roughly one order of magnitud@ ©r 50 Om
asRsandRr start to dominate at larger diameters. Zhat 1 kHz of electrodes constructed

from bare ITO, Au,ad PtforD O 10 Om armdO T2aA.N5s f@m di spl a
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predominantly areal relationship o/, 1/D*% 1/D83 1D respectively. Fob O

2.5 pum, theZr of PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes depended not only
on the area of the elrodes but also on other factors, showing proportionalitiessf*%/

1/D21 1D%13 and 1D?*?3 respectively. This relationship could be attributed to the
slightly increased effective electrode area caused by sidewall coverage of PEDOT:PSS

during spin coating and liftoff steps.

To visualize the contributions of each electrochemical element, thdaramhaic,
faradaic, overall impedances, and combined solution/routing resistance of all studied
materials/coatings were assessed at 1 kHz tbinFigure 8b-i. At resolutions oD O
500 um, bare ITO, Au, and Pt electrodes were dominatedybwhile atD = 1000 um,

(Rs + Rr) started to contribute more Iy as ¥1| > Kal at 1 kHz. For bare ITO electrodes,
the parallel combination &g andZr (Zai || ZF) becomes more relevant@t< 10 um as

|Za| approache<¢|. On the contrary, for TiN electrodes,iO 5 0 0(Rs® Rr) was
larger tharZa || Zr, showing a dominance of the series resistance at 1 kHD Eor 2 0 0
um, Zqi || Zr rather tharZg dominated the overall impedance due to the closeneZs|of |
and Zr|. With the coating of PEDOT:PSS, tt#||of ITO, Au, Pt, and TiN electrodes
decreasedignificantly by up to 3.2, 2.8, 2.5, and 1.3 orders, respectively Zghat|1 kHz

did not experience such a significant change and was lowered by 0.9, 1.6, 1.2, and 1.2
orders for ITO, Au, Pt, and TiN electrodes, respectively, after being coated with
PEDOT:PSS. The reduction of bo##||and Za| reduced4u || Zr|, and therefore lowered

Z1. Rsremained essentially unaffected, allowing Raito begin saturating the 1 kHz at
much lower resolutons @ © 500D @m1 00D @m1 00 @®nQ Fadn d

respectively, for PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes. For further
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comprehension of size dependent i mpedance
materials at various frequency bands pertaining to various biological signalsasuc
various brain waves, cellular local field potentials, and neural action potg2@ja§] is
presented ifFigure A11l. For larger electrodes (D > 500 um), the effecPEDOT:PSS

was less profound at higher frequencies 10 kHz) as the impedances of the PEDOT:PSS
coated electrodes and their bare counterparts started to converge as their similar solution
resistances started to dominate. Nevertheless, the PEDOT:P 3§ ceatained beneficial

as its effects were very apparent at low frequendies J0Hz). For example, at 8Hz
PEDOT:PSS improved the interfacial impedanc®af 1000 um by 187, 1097, 10493

and 167 for ITO, Au, Pt, and TiN electrodes, respectivdjoelectrical signals such as
action potentials generated by neurons or cardiac cells, which vary in the time scale of
milliseconds, are collected by the lowest impedance element of the eleekeattelyte
interface the doubldayer capacitancial for bare electrodes and the combined effect of

|Zr| and Zq| for PEDOT:PSS coated electrodes. With the reductiodepfahd Zal|, the
transfer of bioelectrical field potentials across the-ekdttrode interface will be smoother,

resulting in higher ginal fidelity and lower noigé, 25].
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Figure 8. Contributions of faradaic, nonfaradaic, and solution + routing impedance

to the overall impedance at 1 kHz over electrode composition and diameter.@yerall
impedance at 1 kHz is lowered by PEDOT:PSS with PEDOT:PSS/TIN demonstrating the
lowestimpedance. Assessment of each electrochemical circuit element across diameter for
b) Au, ¢c) PEDOT:PSS/Aud) Pt,e) PEDOT:PSS/Pf) ITO, g) PEDOT:PSS/ITOh) TiN,

andi) PEDOT:PSS/TIN electrodes.
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CHAPTER 3. EXPERIMENT AL SECTION

3.1 Fabrication

The fabrication process depicted inFigure A12. First, 4inch fused silica wafers
(University Wafer Inc.) were cleaned by rinsing with acetone and subsequently immersing
in acetone under ultrasonic agitation for 5 minutes. Then, the wafers were spray rinsed with
methanol/IPAsubjected to ultrasonication in IPA for 2 minutes followed by a second spray
rinse with IPA. The wafers were then baked at 150 °C for 5 minutes3RB0P resist was
spun cast (3000 rpm, 40 seconds) and patterned the layer for the routing, pads, and
electiode seed using Heidelberg MLA150 Maskless Aligner followed by a 25 second
oxygen plasma descum process using the CtrLayer RIE (250 W RF, 50 spcih®©
Unifilm Multisource Sputtering System was used to deposit a 10 nm Ti adhesion film
followed by a 100 nm Au contact laydviftoff was performed in acetone and the wafer
was then subjected to oxygen plasma for 2 min to strip off any remaining photoresist
residue Afterwards, the wafer was spray rinsed with fresh acetone/methanoMR?A
3000P was then used to pattern the electrode over the seed layer followed by a descum
process. Sputter deposition was used to deposit 10 nm of Ti as an adhesion later and then
100 nm of the desired electrode materibin{film Multisource Sputtering Systerfor
Ti/Au, Ti/Pt and Denton Discovery RF/DC Sputterer for Ti/TiN, Ti/ITO). Liftoff and
plasma cleaning were performed as previously stated. A parylene C passivation film of 2
emdanl em for bare and PEDOT: PSS coated el e
chemical vapor deposition using SCS Labcoter PDS 2010. To open the pad and electrode,

Microposit S1827 resigB000 rpm, 40 sec) was patterned over the wafer and parylene C
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was etched using Plasma Therm RIE (250 W RF, 50 scgra s¢cm CHE). After etching,
the wafer with bare electrodes was cleaned in acetone under ultrasonic agitation followed

by spray rinsing with methanol/IPA.

For PEDOT:PSS coated electrodes, a mixturel@fmL of aqueous PEDOT:PSS
di spersi on (CLEVI OS PH 1000) , 2 mL of
Glycidyloxypropyl) trimethoxysilane, and 10 pL dodecylbenzene sulfonic acid were spun
cast over the existing photoresist at 1000 rpm for 40 sec and baked & 1d/52 hr.
Liftoff was performed in acetone subjected to ultrasonication and spray rinsing with
methanol/IPA/DI waterQutput pins were attached to the wafer using silver epoxy (MG
Chemicals 8331). A hollow borosilicate vessel (Friedrich & Dimmock Meg attached

to the wafer using PDMS to hold the electrolyte for measurements.

3.2 Impedance Characterization

EIS was performed using a BioLogic-8P0 equipped with a thresdectrode configuration

in DPBS with Ag/AgCl as the reference electrode, a largenpiait coil as the counter
electrode, and a selected device electrode as the working electrode. A 20 mV amplitude
sinusoid with 0 V DC offset was applied and swept from 100 kHz to 1 Hz with 5 measures
averaged per frequency. Eight sets of each type of etkastrwere measured. During
measurement, the wafer was completely enclosed by a custom designed Faraday metal
cage for electromagnetic shielding. The BioLogicE&b software extracted the measured

Bode and Nyquist data to the equivalent circuit componkumssrated inFigure 5.
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3.3 Device Imaging

The devices were imaged using the Zeiss k80 dield Emission SEM (operating using

10 kV accelerating voltage), Olympus MX61, and Keyence-X8000 3D Surface

Profiler.
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CHAPTER 4. CONCLUSION

In thisthesis we describe a comginensive study that systematically analyzed the effects
of aggressive miniaturization on the subcellular levels of electrodes composed of an
assortment of biocompatible materials consisting of ITO, Au, Pt, TiN with/without
PEDOT:PSS coating. By examininigeir electrodeelectrolyte interfacial impedanceie
observed that ITO electrodes showed the largest impedance followed by Au, Pt,
PEDOT:PSS/ITO, TiN, PEDOT:PSS/Au, PEDOT:PSS/Pt, and PEDOT:PSS/TiN, which
can be largely attributed due to their respectivelyreasing capacitance. PEDOT:PSS
coated Au and Pt electrodes showed similar impedances (both being lower than TiN
electrodes) while PEDOT:PSS/TIN electrodes exhibited the lowest impedance. It is further
noted that bare electrodeswithO 2 00 Om ostly tepacitevely while electrodes
withDO 500 Om were dominated by s @lndthat on r e:
coating of PEDOT:PSS improves the electrode interfacial impedance by up to 40 times due
to the enhanced faradaic charge transfer and higdgacitive coupling of PEDOT:PSS
coated electrodes compared to those of their bare counterparts. For larger elebtrodes (
500 pm), the beneficial effect of PEDOT:PSS has a major improvement at lower
frequencies f < 300 Hz), which covers the frequenbgnds for LFPs. The solution
resistances, or electrolyte bulk impedances, of the electrodes do not change with
PEDOT:PSS coatingvhich could be observed in their Bode plots at higher frequerfcies (
< 10 kHz). Overall, PEDOT:PSS/TIN electrodes exhibitltveest interfacial impedance,
thus, affording the highest recording performartere, we discover that PEDOT:PSS can

be used as a universal electrode coating material to significantly lower interfacial
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impedance by increasing overall capacitance from fmguencies (<1 Hz), where
biological signals generated by nelectrogenic cells are pertinef[85 to higher
frequencies (300 Hz 5 kHz), where action potentials from neuron and cardio cells
operatg6, 23] This is of paramount importance for higensity subcellular
microelectrode arrays. The major goal of bringing down the electrodedanpe at
subcellular dimensions is to lower the electrical noise generated from small electrodes and
consequently increase biological signal detection [2Bjtwhile maintaining high spatial
resolution. Since the analysis in this report involves material comparison, the findings can
be applied to both-B and 3D eledrodes on rigid and flexible substrat®¥ith a better
perception of electrochemical properties of electrodes composed of different
materials/coatings and different sizes ranging from millimeters to a few micrometers, our
findings offer fundamental undeastdings of factors that govern the performance of
miniaturized electrodes and serve as the cornerstone for further investigation and
optimization of nexgeneration bioelectrical interfaces with advanced spatial resolution

permitting aggressive miniaturizan and massive scaling.
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APPENDIX A. SUPPLEMENTARY FIGURES, ANALYSIS, AND

TABLES

g)

100nm  Substrate 100nm  Substrate

Substrate 100 nm Substrate

100 nm

Figure Al. Additional morphology and structure of fabricated electrodesTop view

SEM images of PEDOT:PSS/Au microelectrodes with diametes$ 26 um,b) 15 um,

¢) 20 um d) 200 um, anck) 1000 um.f) Top view SEM image of a parylene C passivated
Au microelectrode witld = 20 um. Cross sectional views of PEDOT:PSS spin casted over

g) Au, h) Pt,i) TiN, andj) ITO substrates.
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a) ITO ($=1.440 nm4S 1.795 nm) b) PEDOT:PSS/ITQSL.879 nmS 2.398 nm

A 10 nm 22 nm
542 pm
A\ 4 0 nm 0nm
« 724 pm >
c) Au (2=1.473 nmgS 1.844 nm) d) PEDOT:PSS/AuES1.119 nmgS 1.401 nm)
10 nm 7 nm
0 nm 0 nm
e) Pt(S=1.054 nmg$ 1.321 nm) f) PEDOT:PSS/PL(S1.215 nmq$ 1.666 nm)
9 nm 13 nm
0nm 0nm
g) TiN ($=1.665 nmqS 2.094 nm) h) PEDOT:PSS/TIN.(S1.477 nm4S 1.845 nm
15 nm 12 nm
0 nm 0 nm

Figure A2. Surface roughness images taken with light interferometryArithmetical
mean and root mean square height for bare and PEDOT:PSSatatd®d, c,d) Au, e,f)
Pt, andg,h) TiN, respectively.
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