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Abstract 

Neural electrode array have been used to exchange electrical signals to neurons in the brain for decades. In this 

respect, the electrode-tissue interface plays an important role in neural recordings and stimulating. For small 

tissue damage and high selective of signals, smaller electrode size is required. However, there is a trade-off 

between electrode size and impedance of electrode-brain interface. As electrodes size is smaller, the impedance 

is sharply increased. Therefore, there is a major challenge to reducing electrode size while retaining electrode 

functionality. Furthermore, the mechanical mismatch between stiff electrodes and soft tissues causes reactive 

tissue responses. It is considered that reactive tissue response to electrode array should be minimized for long-

term reliability to record neural signals. Flexible electrode design can be one of the solution without degradation 

under dynamic motion constantly. 

In this thesis, new probe designs are suggested and its electrical characteristics are studied. A Graphene-based 

flexible electrode array with nanowires and poly(3,4-ethylenedioxythiophene) PEDOT on the flexible substrate 

was fabricated. ZnO nanowires were used in a pillar structure, which expanded effective surface area to decrease 

dramatically electrode impedance. Furthermore, metallic nanowires were coated with PEDOT to enhance charge 

storage capacity and to record both electronic and ionic current. Graphene, which has high electrical 

conductivity and flexibility, is a good candidate as interconnects. The neural electrode array on flexible 

polyimide film enables to reduce mechanical mismatch for its long-term performance in comparison with 

electrodes fabricated on silicon. Due to a low impedance, a flexibility, and a low noise of the neural probe 

system, high signal-to-noise ratio (SNR) was achieved at in vitro and in vivo brain signal recordings. Therefore, 

the neural probe can be employed to various brain-electrical interface systems with high performances. 

 

Keywords: Flexible Neural Electrode Array, Nanowires, PEDOT, Graphene;  
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I. Introduction 

 

 

1.1 Motivation 

Neural electrode arrays have been studied for various applications as well as for a 

better understanding of the nervous system. Recent Brain-Computer Interface (BMI) offer us 

the possibility to record neural signals from the brain and control external electrical 

components. People with neural diseases, including paralysis, epilepsy and Parkinson’s 

disease, could improve via electrical stimulation and a recording process, so that the interface 

between a brain and an electrical device is quite important for neural electrode array [1-4]. 

Particularly, neural electrode array is commonly used to record electrical neural signals and 

transport these electrical signals to external systems. The performance and reliability of 

implantable neural electrode array is crucial for maintaining an efficient and sustainable BMI. 

 

One of the key issues in the BMI field is the development of low impedance neural 

electrodes for high SNR recording, as well as effective stimulation [5]. However, neural 

electrodes often exhibit high initial electrode impedance because of their small surface area. 

Furthermore, encapsulation processes from the reactive cellular response progressively 

increase the impedance of electrode/tissue interface over the long term. Additionally, the 

mechanical mismatch between soft neural tissues and stiff metal electrode arrays interrupts 

the long-term performance [6-7]. For those reasons, we conducted both state-of-the-art 

nanotechnologies and novel materials to reduce the initial impedance of flexible electrode 

array or to limit early and late reactive responses near the electrode/tissue interface.  
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1.2 Neural Signal Transmission 

Nervous System for signal transmission consists of two main parts; the central nervous 

system (CNS) and the peripheral nervous system (PNS) as shown in Fig 1.2.1. PNS responds 

to external stimulus, including touch, sound, light and so on. PNS sends signals to the CNS. 

CNS is composed entirely of neurons and glia. Neurons in the brain and spinal cord of the 

CNS are electrically excitable cell that processes information through electrical and chemical 

signals. Neurons have specialize cell parts: a cell body, dendrites and axons. Dendrites pass 

electrical signals to the cell body and axons receive take information away from cell body. 

Then, these neural signals are sent from the axon to a dendrite via synapses, which are 

between other neurons. Then, processed signals are permitted to body parts via the PNS. 

These neural signals can be categorized by where signals are recorded.  

Fig 1.2.1 Schematic diagram of nervous system.  
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1.3 Neural Signals 

There are two kinds of neural recording signals, such as field potentials and action 

potentials (or spikes). Field potentials consist of electroencephalogram (EEG) signals, 

electrocortiogram (ECoG) signals, and local field potentials (LFPs). EEG signals are slow 

rhythms (5–300 μV, <100 Hz) and can be recorded non-invasively on the scalp. ECoG 

signals are medium rhythms (0.01–5 mV, <200 Hz) and can be recorded using surface 

electrodes by placing them invasively on the surface of the brain. Both LFPs (<1 mV, <200 

Hz) and action potentials (500 μV, 0.1–7 kHz) can be recorded using penetrating electrodes 

into the brain.  

Each neural recording signal has different properties. The advantage of EEG signals is 

easily can record signals in vitro. However, EEG signals have limited bandwidth, significant 

noise because the skull and the scalp hinder signal from passing. In comparison with EEG 

signals, ECoG shows a lower noise signal and higher bandwidth and power, because filtering 

by the skull and the scalp is reduced. In compassion with local field potentials, spikes contain 

a single neuron’s signal that has more accurate information [18].  

 

  

1.4 Reactive Tissue Responses 

Implanted neural electrode array influences recording signals and a chronic tissue 

response in the tissue. The strength and quality of the recording signals significantly depend 

on the distance between the electrode and the neurons. The closer the distance is between 

electrode and neurons, the higher the extracellular spikes amplitude can be recorded. 

Furthermore, body response occurring at the interface between the electrode and the 

surrounding neural tissue is crucial for recording of neural electrode array. However, there is 

large mechanical mismatch between stiff electrodes and soft brain tissue under dynamic 
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motion constantly. This mechanical mismatch will consistently interrupt signal recordings 

from neurons. 

 

 

1.4.1 Acute Response 

Acute inflammation in the brain is caused by the mechanical damage of electrode 

insertion. The main reason is the mechanical mismatch between the mechanical properties of 

the implanted electrode and the neighboring tissues. When sharp electrode is inserted into the 

brain tissue, brain tissue will be ripped. Then, the tissue swell and push away the surrounding 

tissues. This extends the distance between the electrode and surrounding neurons. 

Furthermore, necrotic tissue will cause edema and release neurotoxic factors. For these 

reasons, the amplitude of the recording signals from neurons is dramatically degrading [18].  

 

 

1.4.2 Chronic Response 

Chronic immune response will inevitably lead to the formation of scar tissue and create 

barriers between electrodes and targeted neurons. After initial acute inflammation declines, 

reactive astrocytes and activated microglia form a glial scar on the surface of electrode. Glial 

scar insulates the electrode from surrounding neurons and increases sharply the impedance of 

the tissue-electrode interface, thus glial scar encapsulation severely restricts the long-term 

performance and signal recordings of the electrodes [12, 18].  
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1.5 Electrochemical Interface of Electrode 

1.5.1 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is used to study a current as a function 

of applied potential. In the brain, neural tissues mostly consist of fluids with ions in 

electrolyte. Ions are the main signal transduction carrier for neurons. For high SNR signals, 

low ionic interface between neural tissue and electrode is required. EIS can investigate the 

main parameter at the electrochemical interface. Electrochemical impedance is the main 

parameter of electrode in electrolyte. To measure electrochemical impedance at the interface, 

EIS is typically used. The measurement is conducted by three electrodes system from high 

frequency (105 Hz) to low frequency (1 Hz) with a very small amount of current. 

 

  

1.5.2 Three Electrode System 

The three electrode system consists of working electrode, reference electrode, and 

counter electrode as shown in Fig 1.5.2.1. The working electrode is the electrode where the 

potential is controlled either step by step or continuously and where the current is measured. 

In this experiment, neural electrode array acts as the working electrode. The potential applied 

to working electrode is measured relative to a reference electrode. The reference electrode 

sets a zero potential, thus the system can be measured the potential difference between the 

working electrode and the reference electrode. The counter electrode (Ag/AgCl) acts as an 

electron source. The current that flows into the electrolyte between the working electrode and 

the counter electrode while potential is applied between the working electrode and the 

reference electrode. The reference electrode has a high input impedance, so that no current is 

flowing through the reference electrode. Consequently, this potential will remain constant 

and not influenced by the current.  
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Fig 1.5.2.1 Schematic diagram of the three electrode system. 

 

 

1.5.3 Cyclic Voltammetry 

Cyclic voltammetry (CV) is used to characterize electrode array. CV experiments 

typically scan a voltage window at a specific scan rate by using EIS. ESI records voltage vs. 

current. From the CV scan, charge storage capacity can be calculated. Charge storage 

capacity indicates the interfacial capacitance (double layer capacitance, pseudocapacitance, 

etc) at the interface between electrode and tissue. 
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1.5.4 Double Layer 

Double layer is dielectric structure which is formed between the surface of electrode 

and electrolyte as shown in Fig 1.5.1. Double layer store energy at the electrode-electrolyte 

interface through reversible ion adsorption onto the electrode surface, thus charging called 

double layer capacitance. This capacity can be described by 

𝐶𝐶 = εA
𝑑𝑑

                            (1) 

where ε is the electrolyte dielectric constant, A is the surface area of ions, and d is the 

distance between the center of the ion and the electrode surface. The capacity is proportional 

to the surface area of double layer, thus large effective surface area of the electrode can 

achieve high 

CSC between the electrode and electrolyte.  

Both Electrochemical impedance and CSC of the electrode array depends on the 

surface of the electrode size. As the surface of electrode reduces, the electrochemical 

impedance increases and CSC diminish significantly. However, there is a trade-off between 

Impedance and small surface area. For small tissue damage and selective signals, smaller 

electrode is required. Therefore, there is a major challenge to reducing electrode size while 

retaining electrode functionality. Many materials have been developed to enhance 

characteristics of electrode, include nanowires, conducting polymers, etc [5]. 

  - 7 - 



 

 

 

Fig 1.5.4.1 Schematic diagram of the interface between electrode and tissue. 

 

 

1.6 Nanowires 

A nanowire is one-dimensional (1D) nanostructures. Different types of nanowires, 

including metallic (e.g., Ni, Pt, Au), semiconducting (e.g., ZnO, Si, InP, GaN), insulating (e.g. 

SiO2, TiO2), have attracted much attention due to their great potential applications [8-9, 14-

17]. In particular, nanowires, which have a high aspect ratio, were used to offer an expanded 

effective surface area of electrodes. The expanded effective surface area decreases electrode 

impedance substantially [5, 8-9]. In addition, several research groups demonstrated that 

culturing cells on nanowires is effective for reducing inflammation around electrodes [10-11], 

so that nanowires receive the attention to increase the efficiency of neural signal transduction. 
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 1.6.1 Metallic Nanowires 

 Nanowires which have metallic properties are a good candidate for neural electrode. 

Metallic nanowires, which have metallic bond, tend to form positive ions, and like charges 

repel. It is the sharing of many detached electrons between many positive ions. Positive ions 

are surrounded by free electrons that migrate freely throughout the solid. Furthermore, metal 

bonds have at least one valence electron which they do not share with neighboring atoms, and 

they do not lose electrons to form ions. The electrons, which move freely, result in their 

higher electrical conductivities. 

However, there is a critical problem about metallic nanowires. Fabrication temperature 

of growing metallic nanowires is too high. High temperature is not suitable for flexible film 

substrates. For this problem, low temperature of growing nanowire is required [13]. 

 

1.6.2 ZnO Nanowires 

Zinc Oxide (ZnO), a multifunctional semiconducting metal oxide, is one of the most 

promising material for various applications [14-15]. The advantage of using ZnO nanowire is 

that dense and vertical ZnO nanowires can be easily grown, even below 100 ℃ under 

atmospheric pressure. For this reason, ZnO nanowires ensure growth of nanowires on the 

flexible film substrate, which has low glass-transition temperature. For growth of ZnO 

nanowires, there are two kinds of the methods; catalytic gas phase syntheses and by solution 

phase syntheses [16-17]. In particular, hydrothermal solution phase synthesis ensure process 

scalability and cost efficiency, such that highly dense, catalyst-free.  
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Fig 1.6.2.1 Molecular structure of ZnO. 

 

 

1.7 Conducting Polymers 

Recently, conducting polymers are of considerable interest for a variety of biomedical 

applications. Even through electrophysiological signals in the brain are primarily based on 

ionic flux, metallic electrodes conduct only electronic current. Their response to 

electrochemical oxidation or reduction can produce a change in conductivity. A change in the 

electronic charge is accompanied by an equivalent change in the ionic charge, which requires 

mass transport between the polymer and electrolyte. Conducting Polymers enhance the 

efficiency of signal transduction by conducting both ionic and electronic current. Charge 

storage capacity for mixed conduction coupled with the large effective interfacing surface 

area of conducting polymers sharply decreases the electrochemical impedance mismatch 

between neural tissue and electrodes for higher SNR recordings. Furthermore, Conducting 

polymers enhance biocompatibility for long-term performance. For example, conducting 

polymers such as poly(pyrrole) (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) have 

been considered for biomedical applications because of their physical, electrical, and 

biocompatibility characteristics [18].  

Zn2+ 

O2- 
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 1.7.1 Poly(3,4-ethylenedioxythiophene) (PEDOT) 

Poly(3,4-ethylenedioxythiophene) (PEDOT) are conducting polymer based on  3,4-

ethylenedioxythiophene or EDOT monomer. The advantages of PEDOT are transparency in 

its conducting state, high stability and moderate band gap and low redox potential. As bio-

materials, PEODT are attractive electrode-coating materials, having the advantages of 

biocompatibility and low electrical impedance. They have been utilized for implanted 

electronics and in vitro devices for culturing cells [19-21].  

Fig 1.7.1.1 Molecular structure of PEODT. 

 

 

1.8 Flexible Substrate 

Typical neural electrode arrays have mostly used silicon substrate for micro scale 

fabrication. However, rigid silicon was not suitable for the dynamic brain because the stiff 

electrode array consequently damages tissues during the implantation. On the other hand, 

flexible substrates have been studied to mitigate mechanical mismatch between tissue and 

electrode. In comparison with rigid silicon substrate, they are easily deform shape without 

tissue damage. For implantable electrode array, a flexible substrate has to offer these 

properties including dimensional stability, thermal stability, barrier, solvent resistance, and 

 - 11 - 



 

low coefficient of thermal expansion (CTE) [22].  

 

   

1.9 Interconnect Lines 

Mechanical flexibility of electrode materials is important to deform on the curved brain. 

Gold is one of the best candidate. Gold has been known for low Young’s modulus, high 

electrical conductivity, and excellent electrochemical performance for neural electrodes. 

Nevertheless, gold interconnect lines suffer from external force, which ultimately lead to 

devices failure. When asymmetric force is applied to the film substrate, the outer film surface 

experiences tensile stress and inner film surface undergoes compressive stress. These stresses 

cause film cracking, channeling, and debonding on gold interconnect lines lead to flexible 

electrode array failure. Film cracking and channeling are more common for film substrates in 

tension with good adhesion between gold interconnect lines and film substrate. Debonding 

frequently occurs if gold interconnect lines in compression or when adhesion is poor [22]. 

Broken gold interconnect lines hinder transportation from neural signal to external electrical 

components. Flexible and durable interconnect lines are required for the future development 

of the BMI and its applications in clinical setting. 

 Fig 1.9.1 Schematic diagrams of interconnect lines. 

Non-flexible state   Flexible state 

Broken wires 
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1.9.1 Graphene 

Graphene is made up of very tightly bonded carbon atoms organized into a hexagonal 

lattice as shown in Fig 1.9.1.1. Recently, graphene has emerged as the most investigated 2-

demensional material, due to its unique structure and superior electrical, mechanical and 

thermal properties [23-25]. Graphene uniquely combines flexibility, mechanical 

characteristics and protection against corrosion as well [26-27].  

For these reasons, graphene mixed interconnect lines can achieve a significant 

improvement in flexibility and keep high electrical conductivity, compared with gold 

interconnect lines. 

 

Fig 1.9.1.1 Molecular structure and schematic diagram of graphene. 
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II. EXPERIMENT DETAILS 

 

 

2.1 Materials & Design 

Motivated by the flexibility, electrical conductivity, and high SNR, we fabricated 

graphene-based flexible electrode array. For comparison with characteristics of film 

substrates, both 100 μm polyimide film substrate and 100 μm PEN film substrate were used. 

Gold is one of the best candidates for materials of electrode sites. The advantage of gold 

include non-toxicity, low resistance, ductility, malleability for implantable device. For 

flexible neural electrode array, we conduct experiment with gold on flexible film substrates. 

Firstly, implantable neural electrode mask design required. We designed electrode array 

with 3 × 3 electrode sites, which have 800 × 800 μm2 to be placed on the surface of the 

rat’s brain with small open areas as shown in Fig 2.1.1. The length of Interconnect lines is 20 

mm to be enough to connect with measurement systems. 

    

  Fig 2.1.1 Optical images of gold electrode array and electrode sites. 
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2.2 Fabrication of Neural Electrode Array 

2.2.1 Gold Electrode Array 

Fig 2.2.1.1 shows the fabrication of gold electrode array. Film substrate were taped on 

a glass substrate. Then, negative photoresist (AZ nLOF-2035) was spin-coated with 4000 rpm. 

The thickness of the photoresist depends on the spin-speed, which represented as the 

revolution per minute (rpm). We used 4000 rpm to form the 1.5 um thick photoresist. 

Negative photoresist is suitable to form a pronounced undercut sidewalls which makes the 

lift-off easier to realize. After coating the photoresist, the coated polyimide substrate was put 

in the oven about 100 ℃ for 45 minutes for hardening the photoresist. The photoresist was 

exposed by ultraviolet (UV) ray to transfer electrode array patterns from a mask to a film 

substrate. Then, exposed samples were put in the oven for 30 minutes again. Baked samples 

were dipping in AZ-300 developer for 1 minute and 30 seconds. Developed samples were 

rinsed by deionized (DI) water for 1 minute and dried by blowing N2 gas. Electrode array 

profile was formed by developing. Electrode array with 5 nm thick Chrome (Cr) and the 95 

nm thick Au were deposited by using a radio frequency (RF) magnetron sputtering system at 

an input power of 200 W and pressure of 5 mTorr. The Cr layer was added to enhance the 

adhesion between the glass substrate and the Au layer. Finally, the printed electrode array 

patterns were obtained through the lift-off process, which the photoresist was removed by 

dipping in acetone and rinsing in isopropyl alcohol (IPA). 

 

 - 15 - 



 

 

Fig 2.2.1.1. Schematic diagrams of the fabrication process of gold electrode array. 

 

 

2.2.2 3D Contact Sites 

3D contact sites were fabricated by ZnO nanowire structures on Au contact cites as 

shown in Fig 2.2.2.1. In addition, ZnO nanowires act as a pillar structure to support Au layer. 

After removing photoresist for G and photolithography process in opening contact cites. ZnO 

seed layer was deposited by sputtering systems. After lift-off process of ZnO seed layer, we 

proceed the hydrothermal process, which enables ZnO nanowires to grow at low temperature. 

The sample was suspended upside down direction using holder and was then dipped in a 

glass bottle. The bottle was filled with 25 mM solution of mixed hexamethylenetetramine and 

zinc nitrate hexahydrate. In an oven, ZnO nanowires were thermally grown for 24 hours at 

75 ℃. Then, the surface of vertical ZnO nanowires were coated with Cr/Au layer (5 

nm/95nm) by photolithography, sputtering, and lift-off process in Fig 2.2.2.2 (c).  
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Fig 2.2.2.1 Schematic diagrams of the fabrication process of 3D contact sites. 

Fig 2.2.2.2 SEM images of ZnO nanowires grown on gold contact sites. (a) Cross-sectional 

view of ZnO nanowires grown by hydrothermal method. (b) Top view of ZnO nanowires. (c) 

Top view of Au-ZnO-Au. 

(a)                      (b)                      (c) 
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2.2.3 Gold/Graphene Multi-structure Interconnect Lines 

For Au/Graphene (G) multi-structure interconnect lines, G was transferred onto Au 

patterned film substrate as shown in Fig 2.2.3.1. Then, samples were dipping in acetone for 5 

hours twice to remove PMMA layer. After removing PMMA, positive photoresist was 

accurately patterned on previous Au/G patterns. Positive photoresist patterned Au/G patterns 

were etched by reactive ion etching (RIE) to remove photoresist uncoated G on film substrate. 

Only photoresist remained on patterned Au/G.  

 

 

Fig 2.2.3.1 Schematic diagrams of the fabrication process of gold/graphene multi-

structure interconnect lines. 
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2.2.4 Encapsulation and Socket Bonding 

In Fig. 2.2.3.1, Electrode array were spin-coated with SU-8 2002 at 4000 rpm. SU-8, a 

negative photoresist, is transparent, waterproof, and electrical insulating properties. After 

coating the photoresist, samples was put in the oven about 100 ℃ for 45 minutes for 

hardening the photoresist. Then, they was exposed by lithography process. Exposed samples 

were put in the oven for 30 minutes again. Baked samples were developed and dried. 

Fabricated electrode array is needed to bond with a socket to connect with a headstage. 

Firstly, electrode array on film substrate were cut along the line as shown in Fig 2.2.4.1 (a). 

In Fig 2.2.4.1 (b), holes of Round IC DIP socket were soldered and taped to attach electrode 

array to Round IC DIP socket. Electrode connector and socket were linked by silverpaste in 

Fig 2.2.4.1 (c). Finally, electrode connector and socket were packaged by glue gun to isolate 

from the external environments as shown in Fig 2.2.4.1 (d). 

 

Fig 2.2.4.1 Image of socket bonding process. (a) Round IC DIP socket and electrode array. (b) 

Holes of Round IC DIP socket were soldered and taped. (c) Electrode array were attached to Round 

IC DIP socket and linked by Silverpaste. (d) Electrode array was packaged by glue gun. 

 

 

 

 

(a)                (b)                (c)                (d) 
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2.2.5 PEDOT Coating 

The solution were prepared by dissolving 50 mM solution of EDOT and 100 mM 

solution of KNO3. The electrical supply was a VSP mili potentiostat/galvanostat with EIS 

(Bio-Logic SAS, French). The electrochemical polymerization was performed in a three 

electrodes system. Ag/AgCl electrode was used as the reference electrode, and individual 

electrode sites were used as the working electrode. The polymerization was carried out by 

passing a charge of 400 μC (a current of 20 µA for 20 seconds) per electrode in the 

potentiostatic mode at a potential of 1 V. PEDOT was electrochemically polymerized on the 

surface of Au-ZnO-Au electrode array. The amount of polymer was controlled by the total 

charge passed during polymerization. As shown in Fig 2.2.5.1, PEDOT was coated on the 

surface of Au-ZnO-Au. The effective surface was expanded in comparison with the surface 

of Au-ZnO-Au.  

Fig 2.2.5.2 shows the total fabrication process. Cross-sectional view of Au-ZnO-Au-

PEDOT electrode array and components are shown in Fig 2.2.5.3.  

 

Fig 2.2.5.1 SEM image of Au-ZnO-Au-PEDOT electrode array. 
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Fig 2.2.5.2 Schematic diagrams of the total fabrication process. 
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Fig 2.2.5.3 Schematic diagrams of the electrode arrays. (a) Schematic diagrams of various 

electrode arrays. (b) Cross-sectional schematic diagram of Au-ZnO-Au-PEDOT electrode array. 
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III. RESULTS AND DISCUSSION 

 

 

3.1. Characteristics of Electrode Array 

We have adjusted gold-based electrode structures to figure out the effects on electrode 

with nanowires and PEDOT. In Fig 2.2.5.2, the various gold-based electrode structures were 

fabricated respectively, such as Au electrode, Au-ZnO electrode, Au-ZnO-Au electrode, and 

Au-ZnO-Au-PEDOT electrode.  

 

 

3.1.1 Electrochemical Characteristics of Electrode Array  

Each electrode array was investigated by electrical impedance spectroscopy (EIS). 

Impedance, phase angle and cyclic voltammetry were analyzed to compare each electrical 

characteristic of electrode structures.  

Fig. 3.1.1.1, Fig. 3.1.1.2, and TABLE I show impedance and phase angle of Au, Au-

ZnO, Au-ZnO-Au, and Au-ZnO-Au-PEDOT. To figure out the effect of ZnO nanowires, we 

compared Au with Au-ZnO. Impedance and phase angle of Au electrode were measured as a 

function of frequency (17967.51 Ω and 85.58 ˚ at 1k Hz). On the other hand, Au-ZnO 

electrode array reduced impedance and phase angle (1456.54 Ω and 22.39 ˚ at 1k Hz), in 

comparison with bare gold electrode. Impedance and phase angle decrease sharply because 

the effective surface area was increased by growing ZnO nanowires. This results 

demonstrated that ZnO nanowires increase effective surface area, as well as large effective 

surface decrease both impedance and phase angles [28-29].  
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Impedance and phase angle of Au-ZnO-Au was lowered than Au-ZnO. The impedance 

of Au-ZnO-Au electrode array was measured as a function of frequency (636.44 Ω and 19.63 

˚ at 1k Hz). By depositing gold layer on the surface of ZnO nanowires, electrode properties 

changed semiconducting property to metallic property which conducts electronic current. 

Electrode array with PEDOT shows the lowest impedance and phase angles (520.47 Ω and 

15.87 ˚ at 1k Hz). PEDOT enable electrode array to record ionic current in solution, so that 

both impedance and phase angles were decreased compared with other electrode arrays.  
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Fig 3.1.1.1 Impedance of electrode arrays. (a) Impedance of electrode array as a function of 

frequency. (b) Impedance of Au-ZnO, Au-ZnO-Au, and Au-ZnO-Au-PEDOT electrode array. 
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Fig 3.1.1.2 Phase angle of electrode arrays. 

 

 

TABLE I.  Impedance and Phase angle of electrode array. 

Electrode Au Au-ZnO Au-ZnO-Au Au-ZnO-Au-PEDOT 

Impedance (Ω) 17967.51 1456.54 636.44 520.47 

Phase angles (˚) 85.58 22.39 19.63 15.87 
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The equivalent circuit of a metal electrode is shown in Fig 3.1.1.3. It consists of solution 

resistance (Rs), capacitance of double layer (Ce), leakage resistance (Re), and resistance of the 

metallic portions of the electrode (Rm) [30].  

Fig 3.1.1.3 The equivalent circuit of metal electrode recording from a neuron form [30]. 

 

The equivalent circuit can be descripted by following simple Eq. (2). 

𝑍𝑍 ≈ (𝑅𝑅𝑆𝑆) + �𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑒𝑒
1+𝑗𝑗𝑗𝑗𝐶𝐶𝑒𝑒𝑅𝑅𝑒𝑒

�                            (2) 

In Eq. (2), Rs is constant values. However, both Ce and Re are variable values. They 

related to the effective surface area. Since the effective area of the electrode influences Ce and 

Re, so that the larger the surface area of electrode array growing nanowires, the lower the 

electrode array. 
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CV was carried out to measure the capacity of charge transfer density. The area of CV 

represents charge storage capacity of the electrode. As shown in Fig 3.1.1.4, CV results shows 

Au-ZnO-Au-PEDOT electrode array has the largest amount of capacity. ZnO nanowires and 

PEDOT could significantly increase charge storage capacity. Especially, PEDOT mainly 

affects capacity. These results demonstrate that both nanowires and PEDOT act a remarkable 

role in reducing impedance and enhancing charge storage capacity for high SNR.  
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Fig 3.1.1.4 Cyclic voltammetry of electrode arrays. 
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3.2. Characteristics of Flexible Substrates 

3.2.1 Electrical Characteristics of Flexible Substrates 

We measured electrical properties of both PEN and polyimide film substrate of 

resistance. Gold electrode array was patterned on the film substrate. Then, resistance was 

measured by probe station as bending in the middle of interconnect lines with 1 mm radius of 

curvature. Fig 3.2.1.1 (a) is resistance of gold interconnect on PEN. Resistance is increasing as 

bending interconnect lines. After bending twice, resistance shows infinite value. It means that 

gold interconnect lines on PEN film substrate are easily broken in the moving measurement 

environment. On the other hand, gold interconnect lines on polyimide substrate shows stable 

resistance value during gold interconnect lines were bent at 140 times as shown in Fig. 3.2.1.1 

(b). Polyimide substrate is suitable for implantable electrode array in the moving measurement 

environment.  
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Fig 3.2.1.1 Electrical characteristics of electrode arrays. (a) Resistance of PEN as a function of 

number of bending. (b) Resistance of polyimide as a function of number of bending. 
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3.2.2 Electrochemical Characteristics of Flexible Substrates 

Impedance with bending was measured by EIS as shown in Fig 3.2.2.1. Interconnect 

lines on PEN substrate was measured after bending 0, 4times. Impedance with non-bending 

shows the same impedance of gold electrode array. However, impedance with 4 times was 

increased, such as MΩ, which means that there is a no current flow in the interconnect lines as 

shown in Fig 3.2.1.1 (a). In the same way, interconnect lines on polyimide substrate was 

measured. Even interconnect lines were bent with 150 times, impedance was almost the same 

results as shown in Fig 3.2.1.1 (b). Polyimide substrate shows much better electrochemical 

properties, unlike PEN substrate. 
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Fig 3.2.2.1 Electrochemical characteristics of electrode arrays. (a) Impedance of electrode 

arrays as a function of frequency. (b) Phase angle of electrode arrays as a function of frequency. 
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3.2.3 Mechanical Properties of Flexible Substrates 

Optical and SEM images of both PEN and polyimide film substrate with 150 times bent 

were taken as shown in Fig 3.2.3.1 (a-b). In comparison with Fig 3.2.3.1 (b), lots of cracks on 

the surface of gold interconnect lines were observed by optical microscope in Fig 3.2.3.1 (a).  

Some gold particles were peeled off and gold layer were debonded as shown in Fig 3.2.3.1 (c). 

However, SEM image of polyimide film substrate shows only cracks and channeling as shown 

in Fig 3.2.3.1 (d).  

Fig 3.2.3.1 Optical and SEM images of bent interconnect line on film substrates. (a) Optical image 

of bent interconnect line on PEN. (b) Optical image of bent interconnect line on polyimide. (c) SEM 

image of bent interconnect line on PEN. (d) SEM image of bent interconnect line on polyimide. 
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For flexible substrate, failure strain (𝜀𝜀𝑓𝑓), which indicates durability from stress, is 

important. Flexible film substrates have unique durable failure strain, which can be descripted 

by the formula for film strain and the radius of curvature. 

𝜀𝜀𝑓𝑓 = d
2𝑟𝑟

                            (3) 

Where d is the thickness of the substrate and r is the radius of curvature. We conducted 

experiments with the same thickness (100 μm) and radius of curvature (1 mm). However, PEN 

and polyimide shows different defects on the film substrate. This shows polyimide substrate 

has higher durable failure strain. Furthermore, polyimide substrate also has higher glass-

transition temperature (𝑇𝑇𝑔𝑔), which is the temperature range where a thermosetting polymer 

changes from a hard, than PEN substrate. These results demonstrate polyimide substrate is 

suitable to endure stress for flexible film substrate. 

  

 

3.3. Characteristics of Flexible Gold/Graphene Multi-layers Interconnect Lines 

3.3.1 Electrical Properties of Gold/Graphene Interconnect Lines 

Graphene has unique properties, such as high electrical conductivity, high thermal 

conductivity, mechanical strength, and so on. These properties enable graphene to use flexible 

electric lines. We fabricated gold and gold/Graphene interconnect lines on polyimide. Then, 

we measured electrical properties of both gold and gold/graphene interconnect lines by probe 

station as folding in the middle of interconnect lines. Until interconnect lines were folded at 

1300 times, there was no significant change as shown in Fig 3.3.1.1. When 1400 times folding, 

both of resistance were increased. In comparison with gold/graphene, resistance of gold 

interconnect lines were sharply increased. The rate of change of gold interconnect lines is 

almost 5 at 1500 times folding. This is two times higher than rate of change of gold/graphene.  

 - 34 - 



 

Fig 3.3.1.1 Electrical characteristics of gold and gold/graphene interconnect lines. (a) Resistance 

of interconnect lines as a function of bending. (b) Change of resistance of interconnect lines as a 

function of bending. 
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3.3.2 Electrochemical Properties of Gold/Graphene Interconnect Lines 

We measured impedance at each 10 times folding. In Fig. (a), the rate of change of gold 

interconnect lines was increased at 30 times folding. Then, impedance was not measured at 60 

times folding. However, gold/graphene interconnect lines were slightly increased, compare 

with gold. Finally, impedance was not measured at 100 times as shown in Fig 3.3.2.1. These 

results show that gold/graphene multi-layers interconnect lines have much better electrical 

conductivity for flexible interconnect lines. 
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Fig 3.3.2.1 Electrochemical characteristics of gold and gold/graphene interconnect lines. (a) 

Change of impedance of gold as a function of folding. (b) Change of impedance of gold/graphene as a 

function of folding.  
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3.4. In Vitro Signal Recordings 

For signal recordings in vitro, we composed the electric circuits to measure voltage as a 

function of frequency. These in vitro signal recordings show the voltage which varies 

according to the type of electrode array in PBS solution. We generated 5 mV of square pulse. 

(5k, 1k, 500, 100, 50 Hz) by using function generator. Altering electrode arrays, in vitro 

signals were recorded by oscilloscope. In Fig 3.4.1, Au-ZnO-Au electrode array shows square 

signal recordings with electrical noises from low frequency (50 Hz) to high frequency (5k 

Hz). However, deformed square signals were recorded by Au electrode array at 5~1k Hz. 

Particularly, recording signals with Au electrode array at low frequency were sharply 

decreased. Because the impedance increased as frequency became higher. The high 

impedance interrupt neural electrode array to record high SNR signals. 
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Fig 3.4.1 In vitro signal recordings as a function of times. 
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3.5. In Vivo Neural Signal Recording 

A normal adult male rat of 250 ~ 350 g was prepared and anaesthetized. The skull 

including dura matter was removed with 500 × 500 μm2. All recordings were taken in 

reference to a distant stainless steel bone screw inserted through the skull during the surgery. 

We measured neural signals on somatosensory of rat’s brain by using RZ2-2 (Tucker-

Davis Technologies) as shown in Fig 3.5.1 (a). In the experiments, two types of electrode 

array (Au electrode array and Au-ZnO-Au-PEDOT electrode array) were placed on the 

surface of rat’s brain to record neural signals. During 0~20, 40~60 seconds, we recorded 

signals with no stimulation. During 20~40 seconds, we recorded neural signals produced by 

the stimulation of the whiskers once a second. 

In Fig 3.5.1 (b), there is no change in neural signals recorded with no stimulation and 

stimulation by Au electrode array. However, there is a perceptible change in neural signals 

with no stimulation and stimulation recorded by Au-ZnO-Au-PEDOT, as shown in Fig 3.5.1 

(c). In the stimulation, each stimulation points shows higher amplitude and stimulation 

sequence of neural signal recordings. In the no stimulation, there is no stimulation sequence 

of neural signal recordings. Moreover, amplitude of neural signals (approximately 1 mV, Au-

ZnO-Au-PEDOT) recorded by Au-ZnO-Au-PEDOT was measured 3 times compared with 

amplitude (approximately 300 μV, Au) of Au electrode array.  
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Fig 3.5.1 In vivo neural signal recordings in the rat’s brain. (a) The image of Au-ZnO-Au-PEDOT 

electrode array placed on the surface of somatosensory. (b) Neural signals recorded by Au electrode 

array for 1minutes. (c) Neural signals recorded by Au-ZnO-Au-PEODT electrode array for 1minutes. 

Both electrodes were placed on the same surface of somatosensory. 

 

Thermal noise is one of the noise factors. Thermal noise for a resistive electrode is 

given by [32] 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = �4𝑘𝑘𝑘𝑘𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟∆𝑓𝑓                            (4) 

Where Zreal is the average of the measured real part of the component of the complex 

impedance. According to impedance and phase angle in Fig. 3.1.1 and TABLE I, the larger 

electrode s had lower impedance. Thus, it is expected that the noise becomes lower when the 

surface of electrode is lager. 
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In vivo neural signal recordings with Au-ZnO-Au-PEDOT demonstrate its ability to 

record neural signals with high SNR. Impedance, phase angles, charge storage capacity, and 

signal amplitude characteristics of Au-ZnO-Au-PEDOT can be further improved by growing 

nanowires, covering PEDOT for improving effective surface and ionic current recordings. 
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IV. CONCLUSION 
 

We designed and fabricated graphene-based flexible electrode array that has 

integrated nanowires and PEDOT on polyimide film substrate. To enhance characteristics 

of flat gold electrode array, ZnO nanowires were vertically grown on Au electrode array. 

ZnO nanowires were used to offer expanded effective surface area of electrodes. The 

expanded effective surface area is able to decrease impedance of neural interface between 

electrodes and neural tissue, so that the efficiency of signal transduction was enhanced. 

However, ZnO is a semiconducting material, which has poor electrical conductivities. By 

covering metal layers on the surface of ZnO nanowires, gold layer enables electrode array 

to have metallic properties. Gold deposited ZnO nanowires can conduct electronic current 

more efficiently. Furthermore, PEDOT, conducting polymers, provide a biologically active 

interface between the electrode and tissue, and can enhance biocompatibility. PEDOT 

coated electrode array can record high SNR neural signals by conducting both ionic and 

electronic currents. Both nanowires and PEDOT demonstrate reduced impedance and phase 

angle, and enhanced charge storage capacity. This flexible electrode array has Au-ZnO-Au-

PEDOT 3D structure, which shows the lowest impedance and phase angle, as well as the 

largest charge storage capacity in comparison with other structures. In vitro and in vivo 

signal recordings, Au-ZnO-Au-PEODT electrode array shows signals with higher SNR and 

a significant reduction in 60 Hz electrical interference noise as well. Graphene-based 

flexible interconnect lines (gold/graphene) and polyimide film substrate enable electrode 

array to work for long-term performance in the moving measurement environment. 

The results demonstrate that our graphene-based flexible electrode array could be 

useful to the functions of the nervous system. 
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요 약 문 

생체 신호 향상을 위한 나노와이어와 PEDOT를 가지는 그래핀 

기반의 유연한 뉴럴 전극 

 본 연구는 기존의 뉴럴 프로브의 성능을 구조와 재료적 효과로 인해서 향상하는 것에 초점을 

두고 있다. 지난 수십 년간 뉴럴 프로브는 뇌 속의 뉴런으로부터 전기적 신호를 교환하기 위해

서 사용되어왔다. 이 점에서, 전극과 조직 간의 인터페이스가 가장 중요한 역할을 한다. 조직의 

피해 최소화와 신호의 높은 선택성을 위해서 작은 전극 크기가 요구된다. 그러나 전극의 크기

와 전극-뇌 인터페이스의 임피던스 상호 간에 trade-off 관계에 있다. 그러므로 전극의 기능을 

유지하면서 전극의 크기를 줄이는 것이 도전과제이다. 게다가, 뻣뻣한 전극과 부드러운 조직 간

의 기계적 불일치로 인해서 조직 반응이 발생한다. 따라서 생체신호 측정을 위한 장기간 신뢰

성을 위해서 조직응답의 최소화를 고려해야 한다. 따라서 유연한 전극 설계는 지속적인 유동적 

움직임 속에서도 성능 저하가 없는 방법의 하나가 될 수 있다. 

본 논문에서는 새로운 전극 디자인의 제안뿐만 아니라 그것의 전기적 성능 또한 연구되었다. 

폴리이미드 필름 위에 나노와이어와 PEDOT 를 가지는 그래핀 기반의 유연한 전극을 제작하였

다. ZnO 나노와이어는 기둥구조로써 사용되어 표면적을 넓혀서 전극의 임피던스를 낮추었다. 

또한, 전하 정전 용량의 향상뿐만 아니라 전자와 이온 전류까지 측정을 위해서 PEDOT 를 금속 

나노와이어에 코팅하였다. 높은 전기전도성과 유연성을 가진 그래핀은 좋은 전기배선의 재료가 

될 수 있다. 유연한 폴리이미드 필름 위에 제작된 전극은 기계적 불일치를 감소시켜서 다른 실

리콘 기반의 전극과 비교하여 장기간 동작을 가능하게 한다. 이러한 뉴럴 프로브 시스템의 낮

은 임피던스와 유연성 그리고 낮은 노이즈 때문에 높은 신호 대비 노이즈 (SNR)를 체내와 체

외 뇌 신호측정에서 이룰 수 있었다. 이러한 점에서 본 뉴럴 프로브는 높은 성능을 가진 다양

한 뇌-전기 인터페이스에서 활용될 수 있다는 점에서 의의를 가진다. 

  

 

핵심어: 유연한 뉴럴 전극, 나노와이어, PEDOT, 그래핀 
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