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SUMMARY  

The objective of the proposed research is to investigate the electrode-electrolyte interface 

of ultraminiaturized biocompatible electrodes. Electrode-to-cell/tissue interfaces with high 

biocompatibility, low-impedance, and long-term chemical and mechanical 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 spatiotemporal 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 understood. This 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), and titanium nitride (TiN) coated with/without organic polymer, 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), with electrode 

diameters (D) ranging from millimeter to subcellular (<10 µm) dimensions. PEDOT:PSS 

coated electrodes have greater faradaic charge transfer capability and capacitive coupling 

compared to their uncoated counterparts. At D = 10-200 µm, PEDOT:PSS coating reduces 

the electrode interfacial impedance at 1 kHz by up to ×101.6 while at D > 200 µm, the effect 

is lessened due to dominance of solution, or bulk electroyte, and routing resistance. The 

low interfacial impedance of PEDOT:PSS coated electrodes make them promising 

candidates for next-generation bioelectrical interfaces with subcellular spatial resolution. 
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CHAPTER 1. INTRODUCTION  

Numerous biological and biomedical applications, such as cell-based assays/actuators,[1, 

2]implantable devices,[3, 4] wearable electronics,[5] drug/chemical biomonitoring,[6] and 

synthetic biology[7] rely primarily on electrode-cell or electrode-tissue interfaces with 

good biocompatibility, low-impedance, high signal-to-noise ratio (SNR), long-term 

electrochemical stability, and minimum biofouling. These applications have broad and 

profound impacts including broadening fundamental understanding of biological processes 

through Organ-on-Chip devices,[8-12] treating brain injuries via neuroprosthesis,[13-15] 

and accelerating drug discovery with multi-modal cell-based sensors.[16-18] The 

electrode-cell/-tissue interfaces enable spatiotemporal recording of various cellular signals, 

e.g. intra-/extra-cellular potentials, local field potentials (LFPs), cell-cell/cell -surface 

impedances, as well as bioelectrical stimulation and a wide variety of electrochemical 

reactions.[1, 6, 7, 14, 19-21] For intimate monitoring of cellular parameters, there is a 

considerably growing interest in improving spatiotemporal resolution, increasing the total 

field-of-view (FoV), minimizing device invasiveness, and boosting the number of 

simultaneous parallel readout channels.[6, 21] Consequently, enhancing spatial resolution 

entails aggressively trimming electrode sizes towards subcellular features (<5 µm) and 

scaling the total FoV to the tissue level monitoring (>2-3 mm), a feat that requires 

extremely dense yet large-scale microelectrode arrays (MEAs) on rigid or flexible 

substrates with high reliability. However, such extreme miniaturization of electrodes 

inevitably limits the electrodesô electrochemically active area and drastically increases the 

electrode-electrolyte or electrode-cell interfacial impedance.[22, 23] The increased 
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interfacial impedance directly raises thermal noise that deteriorates interface SNR and 

consequently constrains any electrical or electrochemical detections.[24, 25] Furthermore, 

many in vivo (e.g., pacemakers and neuroprosthetics) and in vitro (e.g., lab-on-chip devices 

with cell-based assays) applications demand low electrode-cell interfacial impedance to 

support cellular bioelectrical stimulation with minimal invasiveness. High interfacial 

impedance causes large voltage drops across the electrode-cell/-tissue interface that will 

diminish stimulation efficacy and may generate unwanted 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 (3-D) electrodes, such as silicon nanowires, offers potential solutions to 

decreasing impedance while maintaining an even more aggressively scaled interface 

footprint to sub-µm sizes.[26-29] However, most reported nanowire electrodes cannot be 

individually addressed, or are intrinsically not extendable to a large scaled  electrode array, 

and are often employed in a lumped array with many nanowires lumped together as one 

pixel at a pixel spatial dimension of 100 µm ~ 10 µm,[19, 30] consequently lowering the 

actual spatial resolution and undermining the purpose of using these sub-µm electrodes. In 

addition, 3-D electrodes typically require complex fabrication steps with lower yield and 

compromise integrity as well as long-term stability in cellular measurements. 

Therefore, it is imperative to explore aggressive miniaturization on 2-D or 2.5-D 

electrodes with high-yield fabrication processes while maintaining their low interfacial 

impedance for high recording quality, stability, and reliability. This will not only 

fundamentally enable the next-generation bioelectrical sensing and actuation, but also 

implore the need to characterize electrodes of various sizes and materials/coatings at 
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subcellular levels. Considerable studies on modeling the electrode-electrolyte interfaces 

have established our understanding of the effects of various electrode 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 that non-uniform 

distribution of current near edges of electrodes often causes early electrode degradations.[4, 

42, 43] Recently, conducting polymer coated electrodes have been considered as an ideal 

alternative to conventional metal or metal-oxide electrodes.[14, 39, 44] Particularly, 

PEDOT:PSS coated electrodes (>10 µm) have been shown to significantly reduce the 

interfacial impedance and thermal noise, while maintaining long-term electrochemical 

stability and excellent biocompatibility due to its mixed electronic/ionic conductivity.[20, 

25, 31-33, 42, 45-50] In addition, the elastic nature of PEDOT:PSS reduces the mechanical 

mismatch at the interface between electrodes and cells, enhancing devicesô 

biocompatibility and decreasing their invasiveness.[51] However, despite several decades 

of research, the performance limitations, electrochemical characteristics, and electrode-

electrolyte interface attributed to electrodes of varying compositions, sizes, and polymer 

coatings have not been systematically characterized, especially for electrodes of subcellular 

sizes that exhibit substantial edge-to-area ratios. 

In this study, we report a comprehensive characterization of several in-house fabricated 

electrodes for bio-interfacing with a wide combination of subcellular to micro sizes (D = 

2.5 µm ï 1,000 µm) and biocompatible electrode materials (Au, Pt, ITO, TiN) with and 

without PEDOT:PSS polymer 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 
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sizes. Electrochemical 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 miniaturized electrodes and serve as the foundation for next-generation 

bioelectrical interfaces permitting aggressive miniaturization and radical scaling. 
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CHAPTER 2. IMPEDANCE CHARACTERIZATION AND 

MODELING  

2.1 Electrochemical Impedance Spectroscopy 

Various subcellular to micro-sized electrode arrays with 10 different sizes (D = 2.5, 5, 10, 

15, 20, 50, 100, 200, 500, 1000 µm) and interface materials (Au, PEDOT:PSS/Au, Pt, 

PEDOT:PSS/Pt, ITO, PEDOT:PSS/ITO, TiN, PEDOT:PSS/TiN) were fabricated on 500 

µm thick silica wafer substrates. 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 µm × 3.1 mm trace followed by one 5 µm × 9.1 mm trace and 

was passivated by one layer of 1-2 ɛm thick parylene C. Every variant of microelectrodes 

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 

sets of opened and passivated microelectrodes with varying sizes of a specific interface 

material as shown in Figure 1. Two wafers of each material were tested with the device 

layout shown in Figure 1a. Details of the in-house fabrication are described in the 

Experimental Section. The top-view optical images in Figure 1b-l and cross-sectional 

scanning electron microscope (SEM) images of various electrodes in Figure 2a,b 

illustrated that the routing traces were fully passivated by the parylene C layer. Figure 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 of spin coating. Due to the 

uniform nature of spin coating, the thickness of PEDOT:PSS across electrodes of different 

sizes but will experience a greater sidewall to planar area ratio for smaller electrodes. The 
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top-view SEM images in Figure 2c-g and Figure A1a revealed that for the same material, 

the morphologies did not exhibit significant variations over electrode diameter. The 

thickness of PEDOT:PSS does not vary significantly (<10%) across different electrode 

materials as shown in Figure A1g-j . Bare ITO, Au, Pt, and TiN surfaces exhibited an 

average surface roughness (Sa)  measured by light interferometry of 1.44 nm, 1.47 nm, 1.05 

nm, and 1.67 nm, respectively and root mean square height (Sq) of 1.80 nm, 1.84 nm, 1.32 

nm, 2.09 nm, respectively as shown in Figure A2. With a coating of PEDOT:PSS, the 

surfaces of ITO, Au, Pt, and TiN were measured to have similar surface profiles with Sa of 

1.88 nm, 1.12 nm, 1.22 nm, and 1.48 nm, respectively and Sq 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 fabrication variation during spin coating. 
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Figure 1. Optical microscopy of fabricated electrodes. a) A picture of the device layout 

on a 4-inch silica substrate with input/output pins attached to gold pads via silver epoxy 

for characterization and a glass vessel bonded to hold electrolyte via PDMS. 4 sets of 

opened and passivated meso to subcellular sized electrodes with 10 different diameters 

ranging from 1000 µm to 2.5 µm were incorporated onto each wafer. Top view optical 

images of Au electrodes with D = b) 1000 µm, c) 100 µm, d) 2.5 µm. Top view optical 

images of electrodes with D = 10 µm comprised of e) Au, f) Pt, g) ITO, h) TiN, i) 

PEDOT:PSS/Au, j)  PEDOT:PSS/Pt, k) PEDOT:PSS/ITO, and l) PEDOT:PSS/TiN. 
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Figure 2. Morphology and structure of fabricated electrodes. a) False-colored 90º 

cross-sectional SEM image of a PEDOT:PSS/Au microelectrode showing the electrode 

opening approximately 1.1 µm below the parylene C layer, which encapsulates the routing 

and electrode seed. b) False-colored 90º cross-sectional SEM image of the Ti/Au routing 

fully passivated by parylene C. Top view SEM images of PEDOT:PSS/Au microelectrodes 

with diameters of c) 500 µm, d) 100 µm, e) 50 µm, f) 10 µm, and g) 5 µm. 

EIS measurements were performed, within a frequency (f) span of 1-105 Hz, using a 

three-electrode 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 Nyquist plots are presented in Figure 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 of electrode perimeter/area since a reduction in 

diameter limits the electrodesô effective electrochemically active area (Figure 3). In 

addition, PEDOT:PSS coated electrodes exhibited different impedances over frequency 

depending on the material it was coated over as the electrochemical interfacial impedance 

was determined by a combination of the PEDOT:PSS and the underlying material. This 
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could be explained due to the swelling nature of PEDOT:PSS due to uptake of molecules, 

which will enhance ion transfer to the interface with the underlying material[52] and 

increase volumetric capacitance, lowering overall impedance.[53] PEDOT: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 different 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 interfacial impedance followed by Au, Pt, TiN, in good agreement with 

previous studies,[22, 31, 46, 54] which can be explained do their differences in interfacial 

capacitances. At low frequency, ITO, Au, and Pt electrodes with D Ò 200 Õm behaved 

mostly capacitively as reflected with a near -90º phase at f Ò 1 kHz, implicating that the 

impedance was dominated by the capacitive coupling of the material and rendered the 

solution resistance negligible. In contrast, Au, Pt, and ITO electrodes with D Ó 200 Õm 

transitioned into a more resistive behavior at higher frequencies (f Ó 10 kHz) due to solution 

and routing resistance. TiN electrodes experienced this resistive nature when f Ó 10 kHz at 

much smaller sizes with D Ó 20 Õm while behaving mostly capacitively when f Ò 100 Hz 

for D Ò 200 Õm. At 1 kHz, the typical frequency band for action potentials, the impedance 

values of ITO, Au, Pt, and TiN electrodes with D = 1000 to 2.5 Õm scaled from 5.4 kÝ to 

32.5 MÝ, 1.8 kÝ to 17.2 MÝ, 1.9 kÝ to 9.0 MÝ, and 1.5 kÝ to 11.1 MÝ, respectively.  
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Figure 3. EIS plots of metallic Au and Pt electrodes with different sizes ranging from 

D = 2.5 to 1000 µm coated with and without PEDOT:PSS. Impedance magnitude and 

phase plots, respectively, of a,b) Au, c,d) PEDOT:PSS/Au, e,f) Pt, and g,h) 

PEDOT:PSS/Pt electrodes. 

 

a) b) 

  
c) d) 

  
e) f) 

  
g) h) 
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Figure 4. EIS plots of dielectric ITO and TiN electrodes with different sizes ranging 

from D = 2.5 to 1000 µm coated with and without PEDOT:PSS. Impedance magnitude 

and phase plots, respectively, of a,b) ITO, c,d) PEDOT:PSS/ITO, e,f) TiN, and g,h) 

PEDOT:PSS/TiN electrodes. 

a) b) 

  
c) d) 

  
e) f) 

  
g) h) 
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With the PEDOT:PSS coating, the electrodes exhibited reduced impedance magnitude at 

1 kHz by up to ×101.2, ×101.6, ×101.4, and ×101.0 for ITO, Au, Pt, TiN electrodes, 

respectively, depending on the diameter of the electrodes. The effect of PEDOT:PSS 

tended to be less effective at D Ò 5 Õm for Au, Pt, and ITO electrodes with impedance 

reductions by about 4.5, 2.2, and 1.4 times, respectively, when D = 2.5 µm at 1kHz. This 

observation could be addressed by measurement limitations of high impedance bare 

electrodes when compared to PEDOT:PSS coated electrodes and increased fabrication 

variations at smaller scales. However, TiN electrodes, which possess a lower impedance 

than Au, Pt, and ITO electrodes, did not appear to suffer from this phenomenon, while still 

maintaining approximately an order of ×100.9 of reduction at the smallest diameter when 

coated with PEDOT:PSS. Apart from PEDOT:PSS/ITO electrodes with D Ò 200 Õm, all 

PEDOT:PSS coated electrodes with D Ó 10 Õm exhibited a predominantly resistive nature 

at f Ó 10 kHz as the phase remains above -45º while transitioning to a combined 

capacitive/resistive behavior at 1 kHz for D Ò 100 Õm PEDOT:PSS coated Au and Pt 

electrodes and D Ò 20 Õm PEDOT:PSS/TiN electrodes. PEDOT:PSS/ITO with 10 Õm Ò D 

Ò 100 Õm showed mixed capacitive/resistive characteristics between 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 elements Zad (lower frequency pole), Zdl (higher frequency pole), and RC 

(zero), shown in Figure 5 and increase after 10 kHz due to the zero from (RS + RR). At 1 

kHz, the lowered impedance values of PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes 

spanned from 1.5 kÝ to 23 MÝ, 1.1 kÝ to 3.8 MÝ, 1.3 kÝ to 4.1 MÝ, and 1.2 kÝ to 1.4 

MÝ, respectively. The EIS plots of a 2.5 µm and 1000 µm passivated electrode in Figure 

A4a,b demonstrated that parasitic capacitances consisting of the EIS measurement device 
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and solution over passivation above routing electrodes ranges from 1.85 pF to 15.72 pF. 

These parasitic capacitances will 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 0º.  

2.2 Electrode-Electrolyte Circuit Modeling  

 

Figure 5. Equivalent circuit model for electrode-electrolyte interface 

The extracted equivalent circuit components from the impedance, phase, and Nyquist 

plots for all electrodes were fitted into our electrode-electrolyte circuit model (Figure 5). 

Theoretical analysis of the equivalent circuit model is shown in Figure A5. The circuit 

model consists of a double-layer capacitance represented by a constant phase element 

(CPE) impedance, Zdl, shunted by both a parasitic capacitance CP and a faradaic impedance 

ZF, together in series with a solution, or bulk electrolyte, and routing resistance RS and RR, 

respectively. ZF is composed of a charge transfer resistance RC in series with a linear 

diffusion element consisting of a CPE, Zad, representing electrolyte ion adsorption shunted 

by diffusion resistance RD.[39-41] Here, Zdl accounts for the nonideal, non-faradaic double-

layer capacitance defined by the relation ZCPE 
▒ⱷ▪╠

 , where Q measures the magnitude 

of a CPE impedance ZCPE, the nonideal component n quantifies the phase change values 

RR RS

Zdl

Zad
RC

RD

CP

ZF
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between 0 and 1 (ideal capacitor), and ɤ represents angular frequency, 2f́.[24, 42, 55] The 

parasitic impedance CP 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 measurement device. The solution capacitance, or electrolyte 

capacitance,[36, 56] in parallel with the solution resistance illustrated in Figure A5a is 

given by CS = 2ŮD where Ů represents the dielectric permittivity of the electrolyte (~80Ů0). 

Therefore, the solution capacitance can be neglected due to its small value ranging from 

3.54 fF to 1.42 pF for D = 2.5 and 1000 µm, respectively. The charge transfer resistor RC 

embodies the resistance of electron transfer from the electrolyte to the electrode during 

faradaic reactions.[24, 38, 42] The constant phase element Zad accounts for the double-

layered capacitance accosting for the adsorption of the transferred ions on the electrode 

surface that is involved in faradaic reactions.[38, 42] The resistor RS constitutes the 

resistance of the solution between the counter (Pt coil) and the working electrodes.[24, 38, 

42] The resistor RR is caused by the parasitic resistance originating from the metal routing, 

pad, silver epoxy, input/output pins, and connection to the measurement 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 microelectrodes.[24, 31, 32, 42] 

The modeled impedance magnitudes and phase values are superimposed onto measured 

data in Figure 6 and the Nyquist plots shown in Figures A6-8 with the extracted equivalent 

circuit component values summarized in Tables A1-8, revealing that our proposed circuit 

model accurately fits the interfacial impedance of the electrodes encompassing the 

measured frequency range. 
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Figure 6. Fitting of EIS plots of D = 1000 µm (black), 100 µm (blue), 10 µm (orange) 

electrodes of different materials with and without PEDOT:PSS using extracted 

equivalent circuit components. a-d) 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. 

a)  Au b)  Pt c)  ITO d)  TiN 

    

    
e) PEDOT:PSS/Au f) PEDOT:PSS/Pt g) PEDOT:PSS/ITO h) PEDOT:PSS/TiN 

    

    
 



 16 

2.2.1 Solution Resistance (RS) 

Utilizing the extracted component values, Figure 7 reveals the effects of miniaturizing 

electrodes on each equivalent circuit element. The extracted values of solution resistance 

(Rs) versus diameter (D) are plotted along with their size dependent curve fit (Figure 7a). 

All electrodes at a specific dimension demonstrated that Rs values were relatively close to 

each other within ×100.4, corroborating with previous reports that Rs scales inversely with 

perimeter by relationship Rs , where ɟ is the solution resistivity valued at ~60 ɋ-cm 

for Dulbeccoôs phosphate buffered saline (DPBS), and is not affected by the total area 

related to surface roughness.[24, 36, 56] The inversely proportional relationship to 

diameter of the electrochemical element for Rs could also be explained as non-uniform 

current distributes as current will crowd near the edge of the electrode.[4, 42] In addition, 

it was observed that PEDOT:PSS coating had negligible effects on Rs as it was 

predominantly determined by the electrode material that was in contact with the solution, 

coinciding with previous studies.[14, 31-33, 39, 42] Due to the desirable ion permeability 

of PEDOT:PSS, the underlying material will therefore dominate the value of Rs.[42, 57] 

For all electrodes, Rs expresses a perimeter dependency, having an inverse variation of 

approximately 1/D for meso-scaled down to subcellular resolutions. The measured 

parasitic resistance RR ranged from 694 to 1134 ɋ, which could be accounted for by 

fabrication variations.  

2.2.2 Non-Faradaic Constant Phase Element (Zdl) 

The extracted reactance values at 1 kHz of the non-faradaic |Zdl|   are shown in 

Figure 7b. From Tables A1-8, the ndl values of ITO, Au, Pt, TiN electrodes were found to 



 17 

range from 0.74-1, 0.73-1, 0.88-0.93, and 0.54-0.89, respectively. With the coating of 

PEDOT:PSS the ndl values of ITO, Au, Pt, and TiN electrodes generally increased overall 

varying from 0.77-0.95, 0.72-1, 0.82-1, and 0.79-0.95, respectively. Although the physico-

chemical origin of the CPE behavior at the electrode-electrolyte interface is not yet fully 

comprehended, previous studies have proposed that the electrodeôs surface inhomogeneity 

causes the CPE nature with perfectly smooth electrodes behaving as ideal capacitors with 

n = 1 and lower n corresponding to increased surface inhomogeneities.[24, 36, 42, 58-60] 

From Figure A2 and Tables A1-8, there appears to be no significant correlation between 

measured surface roughness and n as surface roughness remained relatively similar across 

materials and coatings. However, PEDOT:PSS will swell in solution,[52, 61] which may 

smooth the resulting surface and increase the value of n, while also increasing volumetric 

capacitance[53]. At D Ó 10 Õm, the Zdl at 1 kHz reactance of bare ITO, Au, and Pt show a 

mostly area dependency of 1/D1.9, 1/D1.78, and 1/D1.89, respectively. It is important to note 

that the reactance of Zdl start to stray away from the areal dependency for D < 10 µm, which 

could be attributed to the combination of capriciousness observed in the phase 

measurements caused by measurement noise of high impedance electrodes[21, 32] and 

lowered n due to increased surface inhomogeneities at smaller scales during fabrication 

such as metal liftoff for microelectrodes below 10 µm. In contrast, of all diameters tested, 

the 1 kHz non-faradaic reactance of bare TiN and PEDOT:PSS coated ITO, Au, Pt, and 

PEDOT:PSS/TiN exhibited a combined predominantly areal relationship relative to 1/D2, 

1/D1.90, 1/D1.89, and 1/D2.04, and 1/D1.98, respectively since the capacitance of PEDOT:PSS 

scales with film volume[53]. Although smaller electrodes experience a greater sidewall to 

planar area ratio, this does not affect the resulting film volume significantly enough to 
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change the observed areal relationship for D < 10 µm. In general, PEDOT:PSS/TiN 

electrodes were found to have the smallest non-faradaic 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 electrodes. For bioelectrical recording, it is beneficial 

to have lower |Zdl| as the biological field potentials can travel easier through the 

cell/electrolyte-electrode interface[23, 25]. 

2.2.3 Faradaic Constant Phase Element (Zad) 

To evaluate the faradaic constant phase element, |Zad|   , the extracted 

reactance values at 1 kHz against electrode diameter were analyzed. The nad values of ITO, 

Au, Pt, TiN electrodes spanned from 0.61-0.85, 0.81-1, 0.79-0.92, and 0.80-0.89, 

respectively. After PEDOT:PSS coating, the nad values of ITO, Au, Pt, and TiN electrodes 

improved to 0.95-1, 0.96-0.99, 0.89-0.98, and 0.90-1, respectively. This could be attributed 

to the excellent ion permeability nature of PEDOT:PSS that allows for increased transfer 

of ions on the electrode surface involved during faradaic reactions.[32, 42, 57] As shown 

in Figure 7c, PEDOT:PSS/TiN electrodes exhibited the smallest adsorption reactance 

while bare ITO electrodes generally possess the largest reactance for D Ó 10 Õm. For D Ó 

10 µm, the Zad 1 kHz reactance of bare ITO and Pt electrodes showed a combined 

perimeter/area dependency of 1/D1.23 and 1/D1.43, respectively, while the reactance of Au 

electrodes exhibited a mostly areal proportion of 1/D2.01. Like Zdl, the reactance of Zad 

started to deviate from the D Ó 10 Õm dependency for D < 10 µm in the case of bare ITO, 

Au, and Pt. For D Ó 2.5 Õm, the 1 kHz Zad reactance of bare TiN 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 with 1/D1.68, 1/D1.76, 1/D1.58, 1/D1.62, and 

1/D1.62, respectively. The deviation of Zad for D < 10 µm can be explained similar to the 

case of Zdl, 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 µm. The values of charge transfer resistor, RC, and linear 

diffusion element resistor, RD, are listed in Tables A1-8 and plotted against diameter in 

Figure A9a,b, respectively, showing an inverse correlation with size for both RC and RD. 

PEDOT:PSS was shown to significantly reduce RC by up to 1000 times, which could be 

attributed to the enhanced ion permeability innate to PEDOT:PSS; therefore, significantly 

improving charge transfer. Due to the nature of the near -90º observed at the measured low 

frequencies, lowest being 1 Hz, the values of RD 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 sizes (10, 50, 100, 500 µm) was measured to provide 

a visualization of RD in the bode impedance plot as the phase at lower frequencies start to 

increase towards 0º as shown in Figure A10. The overall faradaic impedance, ZF, at 1 kHz 

against size is presented in Figure A9c showing that the coating of PEDOT:PSS generally 

reduces ZF at 1 kHz, improving faradaic charge transfer. For biological recording, it is 

advantageous to have the lowest possible ZF, facilitating field potential transfer through the 

cell/electrolyte-electrode interface. 
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Figure 7. Scaling effects of electrode diameter on equivalent electrochemical circuit 

components of the electrode-electrolyte interface. a) Solution resistance values are 

independent of material/coating and closely match calculated predictions. b) CPE 

reactance at 1 kHz for Zdl is lowered by PEDOT:PSS with PEDOT:PSS/TiN having the 

lowest reactance. c) CPE reactance at 1 kHz for Zad is lowered by PEDOT:PSS with 

PEDOT:PSS/TiN exhibiting the least reactance. 
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2.2.4 Electrode-Electrolyte Impedance at Action Potential Band 

The overall electrode-electrolyte interfacial impedance magnitudes at 1 kHz, which is 

within the action potential frequency band[62], (ZT) versus diameter of all electrodes is 

presented in Figure 8a to visualize the differences of each material used in this study. It is 

noted that at resolution D Ò 200 Õm, PEDOT:PSS/TiN electrodes possessed the lowest 

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 an order of improvement in impedance could be observed for 10 

Õm Ò D Ò 200 Õm. However, at D Ó 500 Õm the effect of PEDOT:PSS was not as significant 

due to increased RS and RR contributions to the total impedance for both bare and coated 

Au and Pt. Similarly, at D Ò 5 Õm, the effect of PEDOT:PSS on Au and Pt was reduced, 

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 separation reactance of Zdl and Zad between bare and PEDOT:PSS 

coated electrodes, consequently diminishing the effectiveness of PEDOT:PSS on overall 

impedance. In contrast, PEDOT:PSS had its largest effect on ITO for 50 Õm Ò D Ò 500 Õm 

with RS and RR attributing more to the total impedance at larger sizes. For D Ò 50 Õm, the 

benefits of PEDOT:PSS were reduced, which could be attributed to higher reactance of Zad 

for PEDOT:PSS coated ITO compared to bare ITO. Meanwhile, the reactance of Zdl for 

PEDOT:PSS ITO remained lower than that of bare ITO. For TiN electrodes, the impedance 

of Z1kH was improved by PEDOT:PSS for roughly one order of magnitude for D Ò 50 Õm 

as RS and RR start to dominate at larger diameters. The ZT at 1 kHz of electrodes constructed 

from bare ITO, Au, and Pt for D Ó 10 Õm and TiN for D Ó 2.5 Õm displayed a 
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predominantly areal relationship of 1/D1.79, 1/D1.98, 1/D1.83, 1/D1.97, respectively. For D Ó 

2.5 µm, the ZT of PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes depended not only 

on the area of the electrodes but also on other factors, showing proportionalities of 1/D2.22, 

1/D2.11, 1/D2.13, and 1/D2.23, 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, the non-faradaic, 

faradaic, overall impedances, and combined solution/routing resistance of all studied 

materials/coatings were assessed at 1 kHz depicted in Figure 8b-i. At resolutions of D Ò 

500 µm, bare ITO, Au, and Pt electrodes were dominated by Zdl, while at D = 1000 µm, 

(RS + RR) started to contribute more to ZT as |ZT| > |Zdl| at 1 kHz. For bare ITO electrodes, 

the parallel combination of Zdl and ZF (Zdl || ZF) becomes more relevant at D < 10 µm as 

|Zdl| approaches |ZF|. On the contrary, for TiN electrodes, at D Ó 500 Õm, (RS + RR) was 

larger than Zdl || ZF, showing a dominance of the series resistance at 1 kHz. For D Ò 200 

µm, Zdl || ZF rather than Zdl dominated the overall impedance due to the closeness of |Zdl| 

and |ZF|. With the coating of PEDOT:PSS, the |ZF| of ITO, Au, Pt, and TiN electrodes 

decreased significantly by up to 3.2, 2.8, 2.5, and 1.3 orders, respectively. The |Zdl| at 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 both |ZF| and |Zdl| reduced |Zdl || ZF|, and therefore lowered 

ZT. RS remained essentially unaffected, allowing for RS to begin saturating the 1 kHz ZT at 

much lower resolutions at D Ó 500 Õm, D Ó 100 Õm, D Ó 100 Õm, and D Ó 50 µm, 

respectively, for PEDOT:PSS coated ITO, Au, Pt, and TiN electrodes. For further 
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comprehension of size dependent impedance at different frequencies, the EIS of all studied 

materials at various frequency bands pertaining to various biological signals such as 

various brain waves, cellular local field potentials, and neural action potentials[23, 63] is 

presented in Figure A11. For larger electrodes (D > 500 µm), the effect of PEDOT:PSS 

was less profound at higher frequencies (f < 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:PSS coating remained beneficial 

as its effects were very apparent at low frequencies (f < 10Hz). For example, at 8Hz, 

PEDOT:PSS improved the interfacial impedance of D = 1000 µm by 101.71, 101.07, 101.03, 

and 100.67 for ITO, Au, Pt, and TiN electrodes, respectively. Bioelectrical 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 electrode-electrolyte 

interface, the double-layer capacitance |Zdl| for bare electrodes and the combined effect of 

|ZF| and |Zdl| for PEDOT:PSS coated electrodes. With the reduction of |ZF| and |Zdl|, the 

transfer of bioelectrical field potentials across the cell-electrode interface will be smoother, 

resulting in higher signal fidelity and lower noise[6, 25]. 
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Figure 8. Contributions of faradaic, non-faradaic, and solution + routing impedance 

to the overall impedance at 1 kHz over electrode composition and diameter. a) Overall 

impedance at 1 kHz is lowered by PEDOT:PSS with PEDOT:PSS/TiN demonstrating the 

lowest impedance. Assessment of each electrochemical circuit element across diameter for 

b) Au, c) PEDOT:PSS/Au, d) Pt, e) PEDOT:PSS/Pt, f) ITO, g) PEDOT:PSS/ITO, h) TiN, 

and i) PEDOT:PSS/TiN electrodes. 

  

 

 

(b)-(i) Legend:  
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CHAPTER 3. EXPERIMENT AL SECTION  

3.1 Fabrication 

The fabrication process is depicted in Figure A12. First, 4-inch 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/IPA, subjected to ultrasonication in IPA for 2 minutes followed by a second spray 

rinse with IPA. The wafers were then baked at 150 ºC for 5 minutes. NR7-3000P resist was 

spun cast (3000 rpm, 40 seconds) and patterned the layer for the routing, pads, and 

electrode seed using Heidelberg MLA150 Maskless Aligner followed by a 25 second 

oxygen plasma descum process using the CtrLayer RIE (250 W RF, 50 sccm O2). The 

Unifilm Multisource Sputtering System was used to deposit a 10 nm Ti adhesion film 

followed by a 100 nm Au contact layer. Liftoff 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/methanol/IPA. NR7-

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 material (Unifilm Multisource Sputtering System for 

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 

ɛm and 1 ɛm for bare and PEDOT:PSS coated electrodes, respectively, was deposited via 

chemical vapor deposition using SCS Labcoter PDS 2010. To open the pad and electrode, 

Microposit S1827 resist (3000 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 sccm O2, 5 sccm CHF3). 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 mixture of 10 mL of aqueous PEDOT:PSS 

dispersion (CLEVIOS PH 1000), 2 mL of ethylene glycol, 100 ÕL of (3

Glycidyloxypropyl) trimethoxysilane, and 10 µL dodecylbenzene sulfonic acid were spun 

cast over the existing photoresist at 1000 rpm for 40 sec and baked at 115 ºC for 2 hr. 

Liftoff was performed in acetone subjected to ultrasonication and spray rinsing with 

methanol/IPA/DI water. Output pins were attached to the wafer using silver epoxy (MG 

Chemicals 8331). A hollow borosilicate vessel (Friedrich & Dimmock Inc.) was attached 

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

3.2 Impedance Characterization 

EIS was performed using a BioLogic SP-300 equipped with a three-electrode configuration 

in DPBS with Ag/AgCl as the reference electrode, a large platinum 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 electrodes were measured. During 

measurement, the wafer was completely enclosed by a custom designed Faraday metal 

cage for electromagnetic shielding. The BioLogic EC-Lab software extracted the measured 

Bode and Nyquist data to the equivalent circuit components illustrated in Figure 5. 
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3.3 Device Imaging 

The devices were imaged using the Zeiss Ultra-60 Field Emission SEM (operating using 

10 kV accelerating voltage), Olympus MX61, and Keyence VK-X3000 3D Surface 

Profiler. 
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CHAPTER 4. CONCLUSION 

In this thesis, we describe a comprehensive 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 examining their electrode-electrolyte interfacial impedance, we 

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 respectively increasing 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 electrodes with D Ò 200 Õm behaved mostly capacitively while electrodes 

with D Ó 500 Õm were dominated by solution resistance above 10 kHz. We found that 

coating of PEDOT:PSS improves the electrode interfacial impedance by up to 40 times due 

to the enhanced faradaic charge transfer and higher capacitive coupling of PEDOT:PSS 

coated electrodes compared to those of their bare counterparts. For larger electrodes (D > 

500 µm), the beneficial effect of PEDOT:PSS has a major improvement at lower 

frequencies ( f < 300 Hz), which covers the frequency bands for LFPs. The solution 

resistances, or electrolyte bulk impedances, of the electrodes do not change with 

PEDOT:PSS coating, which could be observed in their Bode plots at higher frequencies (f 

< 10 kHz). Overall, PEDOT:PSS/TiN electrodes exhibit the lowest interfacial impedance, 

thus, affording the highest recording performance. Here, 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 low frequencies (<1 Hz), where 

biological signals generated by non-electrogenic cells are pertineny,[25] to higher 

frequencies (300 Hz - 5 kHz), where action potentials from neuron and cardio cells 

operate.[6, 23] This is of paramount importance for high-density subcellular 

microelectrode arrays. The major goal of bringing down the electrode impedance at 

subcellular dimensions is to lower the electrical noise generated from small electrodes and 

consequently increase biological signal detection limit[25] while maintaining high spatial 

resolution. Since the analysis in this report involves material comparison, the findings can 

be applied to both 2-D and 3-D electrodes on rigid and flexible substrates. With 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 understandings of factors that govern the performance of 

miniaturized electrodes and serve as the cornerstone for further investigation and 

optimization of next-generation bioelectrical interfaces with advanced spatial resolution 

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

TABLES 

 

Figure A1. Additional morphology and structure of fabricated electrodes. Top view 

SEM images of PEDOT:PSS/Au microelectrodes with diameters of a) 2.5 µm, b) 15 µm, 

c) 20 µm, d) 200 µm, and e) 1000 µm. f) Top view SEM image of a parylene C passivated 

Au microelectrode with D = 20 µm. Cross sectional views of PEDOT:PSS spin casted over 

g) Au, h) Pt, i) TiN, and j)  ITO substrates. 
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Figure A2. Surface roughness images taken with light interferometry. Arithmetical 

mean and root mean square height for bare and PEDOT:PSS coated a,b) ITO, c,d) Au, e,f) 

Pt, and g,h) TiN, respectively.  
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