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ABSTRACT 

The feasibility of carbon interdigitated array (IDA) nanoelectrodes as low-cost and highly sensitive 

electrochemical sensing devices was developed and the functionality of the sensors was tested in this 

study. The carbon nanoelectrodes were fabricated using Carbon MEMS (C-MEMS) process. This 

versatile microfabricaton technology enables the simple fabrication of carbon nanostructures using 

only conventional batch microfabrication processes such as photolithography and pyrolysis. C-MEMS 

process has advantages including mass production, simple process, low cost and controllable design. 

This thesis consists of two main research topics. First, the fabrication and electrochemical sensing 

capability of 1:1 aspect ratio carbon IDA nanoelectrodes (width ~ 300 nm, thickness ~ 340 nm) will 

be demonstrated. The electrochemical sensing capability of IDA electrodes can be evaluated by 

measuring amplification factor and collection efficiency in bulk solution. The architecture of tightly 

spaced nanoelectrodes enables recycling of redox species between two sets of electrodes resulting in 

electrochemical current signal enhancement. 25 of maximum amplification factor and 98% of 

collection efficiency were achieved by the 1:1 aspect ratio carbon IDA nanoelectrodes. The effects of 

the geometry of IDA electrodes on the current amplification were investigated. The electrode-to-

electrode gap, width, height of carbon IDA nanoelectrodes are dominant parameters determining the 

efficiency of redox recycling. The diffusion of the redox species, which are reacted at the electrode 

surfaces, to the bulk solution depends on the gap and height of the electrodes. The width of the 

electrode determines density of the electrodes. 

In the second part of thesis, the effect of the confinement of redox species in a microchannel on the 

electrochemical sensing capability of carbon IDA nanoelectrodes embedded in the channel will be 

discussed. Carbon IDA nanoelectrodes (width~650 nm, thickness~650 nm) were simply integrated in 

a polydimethylsiloxane (PDMS) microchannel by simply bonding a PDMS layer with a channel slot 

on top of the substrate containing the IDA nanoelectrodes. The diffusion of the redox species confined 

in the microchannel was simulated for the study of redox cycling efficiency. The simulation showed 

that the diffusion-limited current collected from the IDA nanoelectrodes in a microchannel does not 

change significantly as the microchannel height reduces as long as the channel is high enough not to 

hinder the radial diffusion of the nanoelectrodes. This simulation study was confirmed by measuring 

redox currents of the carbon IDA nanoelectrodes embedded in microchannels of various sizes. The 

current could be amplified up to 250 and 1116 times in cyclic voltammetry and chronoamperometry 

respectively because of deficiency of redox species in the single mode where no redox cycling effect 

occurs. The feasibility of the carbon IDA carbon nanoelectrodes as biosensors was tested by 

measuring the concentration of dopamine.  
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Chapter 1 Introduction 

1.1 The importance of electrochemical detection; Why electrochemical sensors? 

Blood glucose sensors represent electrochemical sensing devices for bio-sensing devices. The glucose 

sensors definitely show the advantages of electrochemical sensing technique; disposable, hand-held, 

low cost, high sensitivity and selectivity compared to optical sensing. The two key factors of 

electrochemical sensors are redox reaction of specific chemical species and easy, cost effective 

fabrication process. Therefore, the research of redox cycling effect plays important role in 

electrochemical sensing devices. The fabrication technique of miniaturized devices has another 

important part for the design of low cost and mass production.  

First, the effect of redox reaction will determine through redox cycling effect; amplification factor and 

collection efficiency. High redox cycling effect means sensitive and selective sensing. The 

amplification factor tells the limit of detection of electrochemical sensing devices. Thus, redox 

cycling studies inform the feasibility of highly sensitive electrochemical sensing. In this study, the 

redox cycling effect will be determined by change in geometries of electrodes and restriction of 

diffusion space of redox species using interdigitated array (IDA) nanoelectrodes in a microchannel. 

Second, miniaturization techniques using MEMS process enriches the development of 

electrochemical sensors. Silicon based fabrication is powerful tool of mass production for nano-sized 

electrodes (e.g. several chips on a silicon wafer). Conventional fabrication processes such as 

photolithography, bulk micromachining, surface micromachining, LIGA are used for the fabrication 

of electrochemical sensing devices. In this study, carbon-MEMS is used for the fabrication of carbon 

IDA nanoelectrodes because of its big advantages; easy and simple process using only 

photolithography and pyrolysis process.  

Finally, the development of carbon IDA nanoelectrodes for electrochemical detection will show the 

two feasibilities; highly sensitive electrochemical detection and low cost fabrication steps without any 

expensive fabrication steps.   
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1.2 Redox reaction  

Redox (oxidation-reduction) reaction is the process of transferring electrons. Between two electrodes 

which are conductive materials, electrons transfer. One electrode loses electrons and another one gains 

electrons. Figure 1 shows the simple principle of redox reaction. If an oxidizing agent (an oxidant or 

oxidizer) get electrons from an electrode which is a conductive material, it reduces. If a reducing 

agent (a reductant or reducer) loses electrons to the electrode, it oxidizes.  

Redox reaction is main parameter in electrochemistry. Electrochemistry deals with the conversion of 

chemical energy into electrical energy or electrical energy into chemical energy.  

 

 

Figure 1 Principle of redox reaction 
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1.3 Electrochemical cells 

There are two types of electrochemical cells; a galvanic cell and an electrolytic cell as shown in 

Figure 2. A galvanic cell is worked by the spontaneous chemical reaction between two electrodes in 

electrolyte without any external voltage. Electrons flow from the anode electrode which occurs 

oxidation to the cathode electrode which occurs reduction through the wire. The cell voltage arises 

caused by the potential difference between two electrodes. If there is a lamp between two electrodes, 

the light will turn on. There are examples of galvanic cells such as primary (nonrechargeable) cells 

(e.g., the Leclanche Zn-MnO2 cell), secondary (rechargeable) cells (e.g., a charged Pb-PbO2 storage 

battery), and fuel cells (e.g., an H2-O2 cell) [1].  

 

Figure 2 Two types of electrochemical cells, (a) a galvanic cell and (b) an electrolytic cell 

In an electrolytic cell, reactions have influenced by the applied external potential larger than the open 

circuit potential of the cell. Several electrolytic cell cases exist such as electroplating, electrorefining 

and electrolytic synthesis [1]. In this study, the electrochemical cells are restrained by the electrolytic 

cells which apply overpotential to an electrochemical cell. 
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1.4 Thermodynamics of redox reaction 

This section is based on the chemistry textbook of Raymond Chang [2].  

The relationship of E°cell (standard emf) and thermodynamic quantities of ∆G° (standard Gibbs free 

energy change) and K (equilibrium constant) shows how to convert chemical energy into electrical 

energy. In a galvanic cell, electrical energy is the emf (electromotive force) of the cell which is the 

product of total electrical charge passing through the cell.  

Electrical energy is the multiplication of the emf of the cell and total electrical charge as shown the 

following relation (eqn. 1.1).  

1J = 1C X 1V        (1.1) 

The total charge is determined by the number of electrons in molar quantities. The charge of one mole 

of electrons is called the Faraday constant (F), where 

1F = 6.022 x 1023 e-/mol e- x 1.602 x 10-19 C/e- = 9.6485 x 104 C/mol e-         (1.2) 

As a result, the total charge can be defined as nF, where n is the number of moles of electrons while 

total redox reaction for the electrochemical cell.  

The measure Ecell is the maximum voltage the cell can accomplish. The electrical work done, welec, 

which is the maximum work that can be done, wmax, is given by the product of the total charge and the 

emf of the cell: 

max elec cellw w nFE= =-                          (1.3) 

The electrical work, which is done by the system on the surroundings, expresses the negative sign in 

this equation. The change in Gibbs free energy (∆G) is the maximum amount of work in a redox 

reaction.  

max elec cellG w w nFED = = =-                      (1.4) 

For the standard states (1M, 1 atm),  

cellG nFED = -o o
                             (1.5) 

The standard Gibbs free energy change (∆G°) is related to equilibrium constant (K),  

lnG RT KD =-o
                              (1.6) 

The equations (1.5) and (1.6), the relationship between E°cell and K,  
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lncellnFE RT K- = -o                         (1.7) 

lncell

RT
E K

nF
=o                           (1.8) 

A redox reaction is defines as 

aA bB cC dD+ ® +                              (1.9) 

lnG G RT QD =D +o                             (1.10) 

Where, Q is the reaction quotient when the system is not at equilibrium.  

Therefore,  

lncellnFE nFE RT Q- = - +o o                       (1.11) 

ln
RT

E E Q
nF

= -o                              (1.12) 

Equation (1.12) is known as the Nernst equation. At 298K, equation (1.12) can be written as  

0.0257ln / 0.0592log /E E Q n E Q n= - = -o o
          (1.13) 

At equilibrium, E = 0 and Q = K,  

lnRT
nF

E K=o                              (1.14) 

From the Nernst equation (1.12), the electrical energy in electrochemical can be calculated related to 

the concentration of reactant.  
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1.5 Butler-Volmer equation 

In this section, the kinetics of redox reaction is based on the book about the electrochemistry by Bard 

[1]. The reaction is restrained as one-step, one-electron, reversible reactions.   

For a reversible redox reaction, equilibrium is defined as the Nernst equation which shows the relation 

of the electrode potential and the bulk concentration of reactants. In general,  

f

b

k

k
O + ne   R                      (1.15) 

Where, kf and kb are the forward and backward reaction rate constant. 

  

The Nernst equation can be written as  

*
0'

*
E = E ln O

R

CRT
nF C

+                               (1.16) 

 

Where CO* and CR*are the bulk concentrations, and E0' is the formal potential.  

x is expressed by the distance from the surface and at time t as CO(x,t); therefore, the surface 

concentration CO(0,t). The forward reaction rate to CO(0,t) is proportional to the rate constant kf.   

The rate of forward process, vf (M/s) for reduction, cathodic current (ic) flows, is  

(0, ) c
Of f

i
v k C t

nFA
= =                             (1.17) 

The rate of backward process, vb (M/s) for oxidation, anodic current (ia) flows, is 

(0, ) a
Rb b

i
v k C t

nFA
= =                              (1.18) 

Thus the net reaction rate is  

(0, ) (0, )net ROf b f b

i
v v v k C t k C t

nFA
= - = - =               (1.19) 

Overall current is  

[ (0, ) (0, )]c a ROf bi i i nFA k C t k C t= - = -                  (1.20) 

The unit of reaction velocity is mol s-1 cm-2. The concentration has units of mol cm-3.  

The fraction 1-α, where α, the transfer coefficient, can range from zero to unity, depending on the 

shape of the intersection region, Thus, 
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0'
0 (1 ) ( )a aG G F E EaD =D - - -                      (1.21) 

0'
0 ( )c cG G F E EaD =D + -                         (1.22) 

The rate constant kf and kb have an Arrhenius form as follows 

exp( / )cf fk A G RT= -D                           (1.23) 

exp( / )ab bk A G RT= -D                            (1.24) 

Inserting equation (1.21) and (1.22),  

0'
0exp( / )exp[ ( )]cf fk A G RT f E Ea= -D - -                 (1.25) 

0'
0exp( / )exp[(1 ) ( )]ab bk A G RT f E Ea= -D - -               (1.26) 

, /where f F RT=  

In the special case, the interface is at equilibrium in a solution, CO* = CR*, E° = E°', kfCO* = kbCR* 

and kf = kb. E°' is the formal potential where the forward and backward rate constants have the same, 

where k0 is defined as the standard rate constant. In terms of k0, the rate constants can be expressed 

0 0'exp[ ( )]fk k f E Ea= - -                      (1.27) 

0 0'exp[(1 ) ( )]bk k f E Ea= - -                    (1.28) 

Inserting these two equations to (1.20), the current-potential relationship yields as follows 

 
0' 0 '( ) (1 ) ( )0[ (0, ) (0, ) ]f E E f E E

ROi nFAk C t e C t ea a- - - -= -           (1.29) 

This is known as the Butler-Volmer formulation of electrode kinetics. On changing the potential 

applied to the electrode, kb and kf are influenced exponentially. However, kfCO* and kbCR* don’t grow 

continually. These are limited by the transport of species, that is, mass transport, to the electrode. The 

mode of mass transport will review the next section 1.5. The limited current restrained by the 

diffusion is known as the diffusion-limited current.   
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1.6 Fick’s law of diffusion 

There are three mode of mass transport in electrolyte; diffusion, migration and convection as shown in 

Figure 3. Diffusion is the movement of a substance from high concentration region to low 

concentration region. So, the difference of concentration in electrolyte can cause diffusion. Migration 

is the movement of charged ions in an electric field in Figure 2(b). The migration is related to the ion 

concentration, charge of ions, the magnitude of the electric field gradient. Convection is the 

movement of species by external mechanical energy (e.g., stirring) in electrolyte. In this study, Mass 

transport is restrained only diffusion condition, which is in the steady-state condition, stagnant 

solution, negligible migration effect using supporting electrolyte.  

 

Figure 3 Schematics of mass transport (a) diffusion, (b) migration, and (c) convection 

The equation (2.1) shows the flux of a substance, that is, current density  

( , ) ( , )
( , ) ( , ) ( , )

C x t zFDC x t
J x t D C x t V x t

x RT x
f¶ ¶

= - - +
¶ ¶

         (2.1) 

It has the three modes of mass transport, diffusion, migration, and convection in order. The flux for 

diffusion is expressed as 

( , )
( , )

C x t
J x t D

x
¶

= -
¶

                           (2.2) 

Where, D is the diffusion coefficient, J is the flux of species and (C/x) is the concentration gradient in 

direction x. This equation is known as Fick’s first law. It is only considered as linear (one-

dimensional) diffusion under steady-state condition. The flux of species is proportional to the 

concentration gradient.   
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In Fick’s second law, the concentration gradient with changing time estimates as shown in equation 

(2.3). This equation gives the variation of concentration with time due to diffusion. As shown in 

Figure 4, concentration variation due to time gives rise to change in flux. The change in flux (that is 

current density, i/A) is expressed by equation (2.3) 

( ) ( )C J x J x dx
t dx

¶ - +
=

¶
                          (2.3) 

This equation is also expressed by equation (2.4) substituting equation (2.2). 

2

0 2

( , ) ( , )
( )O OC x t C x t

D
t x

¶ ¶
=

¶ ¶
                       (2.4) 

 

Figure 4 Variation of concentration with time due to diffusion 

j is defined as current density [A/cm2] . Rate of diffusion is expressed by equation (2.5). Therefore, 

high rate of diffusion means high current density. 

2( / ) ( , / )
i j

Rate mol s cm where j i A
nFA FA

× = = =            (2.5) 
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Chapter 2 Electrochemical sensing 

2.1 Three-electrode system 

Three-electrode system consists of reference electrode, counter (or auxiliary) electrode and working 

electrode which are immersed in electrolyte solution as shown in Figure 5. The material of counter 

electrode has to be chosen not to affect any reaction in the system. Platinum is usually chosen as 

counter electrode material which has wide potential window. The current flows between working 

electrode and counter electrode. The potential of working electrode is measured compared to 

reference electrode which has a high impedance input. The potential of reference electrode will be the 

same as open-circuit potential. The overpotential which is larger than open-circuit potential applies 

between working electrode and counter electrode for electrochemical method. A potentiostat is used 

to control three-electrode cell for the most electrochemical analysis. In this study, two 

multipotentiostats (CHI020, CHI instrument, Inc. and Ivium stat, Ivium Technologies) are used to 

measure the cell potential.  

 

Figure 5 Schematic of three-electrode system 
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2.2 Reference electrode 

The reference electrode should provide a stable and reproducible potential which is independent of the 

potential of the working electrode. Standard reduction potentials (or standard electrode potentials) are 

measured against standard hydrogen electrode (SHE). The standard reduction potential of hydrogen 

electrode is defined as zero. The reference electrode has the characteristic of nonpolarizable electrode 

as shown in Figure 6. Nevertheless the SHE is the criteria of standard electrode potentials, this 

electrode is not used as reference electrode because of its disadvantages such as hydrogen gas usage. 

Therefore, the silver-silver chloride and the saturated calomel electrode (Ag/AgCl or Hg/Hg2Cl2) are 

used as common reference electrodes. In this study, the silver-silver chloride electrode is used as a 

reference electrode. 

 

Figure 6 Characteristic of the reference electrode 

There exists the potential difference between the SHE and commercial reference electrodes. The 

potential of the silver-silver chloride electrode is at 0.197 V against the SHE. In case of the SCE 

(saturated calomel electrode), the potential difference is 0.244 V as shown in Figure 7.   

 

Figure 7 Potential differences between the SHE vs. commercial reference electrodes 
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2.3 Characteristic of Ferri/Ferrocyanide in aqueous solution 

The redox reaction of ferri/ferrocyanide is the one-electron transfer reaction as shown in Figure 8. 

Fe(CN)6
3- (ferricyanide) is the cation and oxidizing agent of redox reaction and Fe(CN)6

4- I 

(ferrocyanide) is the anion and reducing agent of the reaction giving one electron to a solution or an 

electrode. In this study, potassium ferrocyanide (K4Fe(CN)6·3H2O, Adrich-Sigma, USA) is used for 

redox reaction in 0.5 M KCl supporting electrolyte.  

 

 

Figure 8 Redox reaction of ferri/ferrocyanide 

The standard reduction potential of ferricyanide is 0.36 V compared to the standard hydrogen 

electrode. The potential difference against Ag/AgCl reference electrode is 0.163 V (Figure 9). 

  

 

 

Figure 9 Standard reduction potential of ferricyanide against Ag/AgCl electrode 
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2.4 Cyclic voltammetry 

Cyclic voltammetry is commonly used technique for qualitative information of electrochemical 

processes. The thermodynamics of redox reaction and the kinetics of electron transfer reactions can be 

explained by cyclic voltammograms. In this section, redox process is restrained by one-step and 

reversible process. It gives the redox potentials of electroactive species. Triangular potential 

waveform in Figure 10(a) is applied to a working electrode in a three-electrode cell. Then, the 

potentiostat measures the current resulting from redox process depending on the applied potential. 

The result which is current-potential plot is known as cyclic voltammograms shown in Figure 10(b). 

Figure 10(b) shows the cyclic voltammogram for reversible redox species. In this Figure, reducing 

agents only exists in the initial step. Then, a positive-going potential is chosen for the first half-cycle, 

starting from a value where no oxidation occurs. When the applied potential approaches E°, an anodic 

current sharply increases up to the anodic peak current (ipa). In this point, a phenomenon of the 

depletion of reducing agent occurs. Afterwards, the anodic current decreases depending on the mass 

transport, especially diffusion. It means that enough overpotential should be applied to reach the 

diffusion-limited current to a working electrode for precise measurement. As switching potential to 

the opposite side, the reduction process takes place. During the reverse scan, oxidizing agent reduces, 

reaching the cathodic peak current (ipc). Then the cathodic current decreases. The peak current in 

cyclic voltammogram is characterized by the diffusion layer resulting from concentration profile near 

the working electrode.  

 

Figure 10 Cyclic voltammogram of reversible redox species: a) applied potential sweep, b) cyclic 

voltammogram 

The formal potential (E°') of redox species in the reaction is derived as equation (2.1).  

0
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=                                 (2.1) 
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For reversible systems, the peak current is given by Randles-Sevcik equation as shown in equation 

(2.2) 

5 3/2 1/2 1/2(2.69 10 )pi n ACD v= ´                      (2.2) 

From the equation (1.14), E° = RTlnK/nF , the equilibrium constant (K) can determined from the 

cyclic voltammogram. Also, the peak separation (∆E = Epa-Epc) can be used to determine the number 

of electrons transferred as a criterion for a Nernstian behavior.  

A phenomenon which can change the shape of cyclic voltammogram is IR drop (ohmic potential 

drop). In three-electrode system, if the electrolyte solution has a certain ohmic resistance, potential 

distribution would occur between a working electrode and a counter electrode. The difference in 

potential between applied potential and real potential which is actually applied potential exists caused 

by IR drop. To minimize the IR drop effect, supporting electrolyte is added. As scan rate increases, 

the effect of IR drop is evident. Therefore, the scan rate is another controllable factor to minimize IR 

drop for cyclic voltammetry.  
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2.5 Chronoamperometry 

In chronoamperometry, step potential of working electrode from no redox reaction begins. The 

resulting current-time plot is monitored as shown in Figure 11(c). The redox reaction is under only 

diffusion. The current-time plot shows the change of concentration gradient near the electrode surface. 

The current decay in Figure 11(c) depends on the depletion of redox species near an electrode surface. 

As decreasing concentration gradient, current decreases gradually as time progresses. The Cottrell 

equation gives the relationship of current, time, the diffusion coefficient and area of electrode surface 

as shown in equation (2.3). Thus, chronoamperometry is often used for the measurement of the 

diffusion coefficient of redox species or the electrode surface area.  

1/ 2
1/2

1/2 1/2
( )

nFACD
i t kt

tp
-= =                            (2.3) 

 

Figure 11 Characteristics of chronoamperometry: (a) applied step potential, (b) concentration 

profiles as time passes, (c) the resulting current-time plot. 
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Chapter 3 Interdigitated array electrodes (IDA) 

3.1 Importance of redox cycling and geometry 

The development of miniaturization for sensing devices is to accomplish many reasons; (a) faster 

devices, (b) low power consumption, (c) high sensitivity and selectivity, and (d) advantages of mass 

production. For example, in case of diagnostic tests, small volume of samples exists at much low 

concentration. Therefore, the high sensitive and fast electrochemical sensors are needed. That is why 

the development of electrochemical sensors has widely been concerned by many researchers. The 

redox cycling effect is the important factor to construct high sensitive, selective, and low cost 

electrochemical sensors for that reason.  

As described in Figure 12, reduced species oxidized at an electrode to create diffusion-limited current 

by redox reaction. The surface area of an electrode and mass transport rate take effect to the diffusion-

limited current. If a redox species is fixed, the surface area of an electrode contributes the increase of 

the current. In other words, increasing the electrode surface is one of the factors to increase the current. 

However, the spreading out of surface can be restricted by confined volume for the miniaturized 

devices. Therefore, the redox cycling is powerful way to amplify the current between two electrodes 

facing each other as shown in Figure 12(b). The redox cycling is the reuse of redox species while an 

electrode oxidizes to generate reduced species, another electrode reduces which generates oxidized 

species. The recycling of redox species is to amplify the current in small volume not to consume the 

opportunity avoiding the depletion of redox species.  

 

Figure 12 Schematics of redox reaction: a) no redox cycling on an electrode, b) redox cycling 

between two electrodes 

There are two representative geometries for the improvement of the redox cycling; (a) a thin-layer cell, 

(b) interdigitated array electrodes as shown in Figure 13. A thin-layer cell consists of two electrodes 

located at the top and bottom surface in the vicinity of redox species. It has quite large surface area of 

electrodes to improve redox cycling effect easily enlarging the effect of this geometry. On the other 

hand, the fabrication of a thin-layer cell is difficult in the range of micro- and nano- scale devices. So, 
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another type of micro/nanostructure is an interdigitated array electrodes overcoming the disadvantages 

of a thin-layer cell (Figure 13 (b)). It not only increases the surface area, but also has fabrication 

merits compared to a thin-layer cell. There exist various interdigitated array electrodes depending on 

the fabrication methods. The dimensions of IDA electrodes (the width, height and gap of electrodes) 

contribute the diffusion-limited current significantly. This reason accelerates the geometry studies of 

IDA electrodes practically or analytically. More detailed review of interdigitated array electrodes is 

described in the next section.   

 

Figure 13 Representative shape of electrodes for the enhancement of redox cycling: a) a thin-

layer cell, b) interdigitated array electrodes 
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3.2 Research trend of IDA structure 

The diffusion-limited current depends on the geometry of IDA electrodes. The gap between two IDA 

electrodes minimizes the diffusion length of redox species. Increasing the width of IDA collects redox 

species much more directly. Also, the height of electrodes provides extra surface area for mass 

transport. The direction of research is to amplify the current changing or optimizing the geometry.  

The redox cycling effect was introduced by Sanderson and Anderson in 1985 [3]. The analytical 

simulation was introduced by Aoki [4], [5]. In this study, several steady-state current expressions at 

IDA electrode under different width and gap were defined. The comparison results of simulation and 

experimental data was introduced by Bard [6]. Yang and Zhang using COMSOL simulations studied 

the redox cycling effect on IDA electrodes which has the gap of 25 nm reaching the amplification of 

approximately 1000 times [7]–[9]. The practical experimental works were done by Paeschke and 

Niwa [10], [11]. They showed high collection efficiency results approaching 100% with different 

widths and gaps. Furthermore, the amplification factor of 45 and 14 was achieved by Niwa and 

Paeschke.   

Afterwards, there are two kinds of research goals; one is the improvement of amplification factor and 

collection efficiency, another goal is the application of biosensors with interdigitated array electrodes. 

First, in case of the current amplification, 60-70 of amplification factors in the simulation and 

experiments by BOSCH process were achieved in 1 µm-spaced IDA electrodes [12], [13]. 110 of 

current amplification in 75-nm-thick nanochannel was accomplished by 250-nm-wide and 250 nm 

spacing IDA electrodes by e-beam lithography [14]. Another research results were performed in flow 

channel experiments [15]–[17]. They concerned limit of detection (LOD) in confined volume. Second, 

the monitoring of biosample with IDA electrodes were employed for the detection of dopamine 

[18],[19], enzyme immunoassay [20]–[24], bacterial cells [25], cancer cells [26].  

Moreover, various IDA micro/nanoelectrodes were introduced. 2-µm-wide carbon IDA 

microelectrodes fabricated by low temperature sputtered carbon thin-films [27]. This study showed 

the possibility of carbon IDA electrodes as electrochemical sensors. Carbon film based interdigiated 

array (IDRA) microelectrodes showed good collection efficiency and amplification for catechol 

reaching 83.9% and 3.67 [28]. Comb IDA electrode arrays (3.7- µm-wide, 2.4- µm-spacing) 

fabricated by conventional fabrication process such as e-beam lithography, metal deposition, lift-off 

process detected in a range of 70 amol of β-galactosidase [24]. Interdigitated nanoelectrodes arrays 

were fabricated using e-beam lithography and lift-off process by Ueno [29]. 40 and 99% of 

amplification and collection efficiency were achieved with the dimesion of 100-nm-wide, 30-nm-gap 

IDA nanoelectrodes. Different approaches of IDA electrodes was made by Ino [30]. Multiplexed IDA 

arrays which has 32 rows and 32 columns were performed as electrochemical sensors for enzyme-

linked immunosorbent assy (ELISA).    
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3.3 Definition of amplification and collection efficiency 

A redox species is oxidized on an IDA electrode is called the generator electrode. Oxidized species 

reduced at the collector electrode. The generator is biased at a higher potential to diffuse reduced 

species sufficiently. The collector is biased at lower potential compared to the generator potential.  

 

For the amplification of diffusion-limited current, there are two types of experimental mode to attain 

current; single mode and dual mode as follows for the redox reaction of ferri/ferrocyanide ; 

A. Single mode (no redox cycling mode): the generator and the collector is biased at the same 

potential (0 V to 0.6 V or 0.8V). The oxidation occurs simultaneously.   

B. Dual mode (redox cycling mode): the generator is scanned from 0 V to 0.6 or 0.8 V. The 

collector is fixed at -0.3 V. The oxidation occurs at the generator. The reduction occurs at the 

collector.  

 

Figure 14 Schematics of generator and collector electrodes on an interdigitated array electrode 

 

Current amplification and collection efficiency are defined as follows; 

A. Current amplification is the ratio of dual mode current to single mode current  

B. Collection efficiency is the ratio of collector current to generator current while in dual mode 
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Chapter 4 Carbon-MEMS 

4.1 Research trend of carbon MEMS 

In the early studies, several pyrolyzed carbon film characterized as an electrode material. The 

characterization of carbon film was performed by the Madou’s group[31][32]. Photoresist-derived 

carbon was fabricated by UV lithography using positive photoresist AZ4330. Then, pre-patterned 

photoresist film pyrolyzed at temperatures ranging from 600°C to 1100°C. Several analytical 

techniques such as profilometry, thermogravimetric analysis, four-point probe, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS) and Raman spectroscopy were used to distinguish the carbon film 

properties. The electrochemical property was executed by cyclic voltammetry. The wide potential 

window was measured by this glassy carbon films. The carbon films at 600°C produced unstable 

resistance values. The resistance at 700°C shows high quantity. The resistance reduced drastically at 

800°C and above. The lowest value was measured 51.2 Ω/□ at 1100°C. In case of the film with 

thickness = 1.0 µm, the resistivity was 5.1 x 10-3 Ωcm compared to that of Tokai glassy carbon (GC) 

(4.5-5.0 x 10-3 Ωcm at 1000°C). This shows the differentiating temperature could change the glassy 

carbon electrical property. In addition, the simple fabrication using photolithography could make 

precursor structure of pyrolyzed carbon easily.  

Several studies continued for the application of pyrolyzed carbon structures after this study. SU-8 

negative photoresist has been widely used as MEMS structure fabrication [33], [34], [35]. This 

photoresist was originally developed as a photoresist for high aspect ratio microstructures. The 

thickness of SU-8 photoresist ranges from 1 µm to above 300 µm. The property of carbon derived 

from SU-8 photoresist was studied in several studies [36] [37]. The optimization of pyrolysis 

temperature was executed ranging from from 600°C to 1100°C. The adhesion and shrinkage of carbon 

film were characterized by different heating rate and changing pyrolysis temperature. SU-8 structure 

under the thickness of 8 µm are adherent with the rate of 5°C/min and 1°C/min. The vertical 

shrinkage of SU-8 approaches almost 85% at 1000°C. The resistivity of the carbon film showed the 

dependence of pyrolysis temperature. The results showed electrochemical properties including ohmic 

potential drop and comparable conductive properties as an electrode. The carbon-MEMS procedure 

using SU-8 was introduced for the fabrication of the high aspect ratio electrode material [38]. As 

shown in Figure 15, the potential window of carbon electrode is comparable to that of Pt and Au 

electrodes. This wide potential window provides the stable electrode material property. This means 

that carbon structures derived from photoresist structure is suitable for the electrochemical sensing 

platforms.   
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The application of SU-8 structures for carbon structure fabrication was performed in many researches. 

The fabrication and properties of 3-D glassy carbon structure microbattery was demonstrated by Hong 

et Al [39]. The photoresists structure as electrodes to collect current were patterned onto silicon 

dioxide layer by UV lithogrpahy. The arrays of photoresist post were also patterned by 

photolithography. Two-step process of photolithography resulted in the precursor of the carbon 

microbattery structures. Then, the pyrolysis process was performed at 900°C. The final carbon posts 

are the arrays of 61.8 µm in high and 19.1 µm. Furthermore, the application of the carbon-MEMS 

process was widely developed for the bio-sensing material such as impedance biosensor for label-free 

protein detection[40], 3-D carbon-DEP chip for the selective trapping and recovery of E coli bacterial 

cells[41], CD microfluidic chips integrated 3-D carbon DEP chips[42], glucose sensors [43],[44] and 

cell culture system using 3-D carbon posts [45] because of its biocompatible property. Therefore, the 

main advantage of carbon-MEMS process is simple fabrication process for the manufacturing of 

electrodes without using expensive fabrication method such as LIGA, e-beam lithography, metal 

deposition. The UV lithography could be performed depending on the objective of structure design. 

This is simply optimized by changing the mask design of SU-8 structure. The various aspect ratio of 

SU-8 structure could be achieved by changing the thickness of photoresist when doing 

photolithography. In addition, freestanding 3D carbon structure was performed by multi UV exposing 

procedure [46] [47].  

In summary, the research trend of carbon-MEMS has been advanced for the feasibility and 

characterization of an electrode material, easy and simple 3-D structure fabrication method. The 

comparable electrochemical, biocompatible properties of carbon electrodes derived from photoresist 

using photolithography process were shown in many studies.  

 

 

Figure 15 Cyclic voltammograms of Pt, Au and pyrolyzed carbon in 0.5 M KNO3 solution. The 

potential window of pyrolyzed carbon showed wider than that of Pt and Au electrodes. [38] 
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4.2 C-MEMS procedure 

There are two general footsteps of C-MEMS process: photolithography and pyrolysis  

A. Photolithography 

First, insulation layer is deposited onto a silicon wafer. SU-8 photoresist is spincoated and baked 

(soft bake at 65°C, hard bake at 95°C). The thickness of SU-8 structure is selected depending on 

the final designated carbon structure. UV exposure is performed by a mask aligner (MA-6, SUSS 

MicroTec.). Finally, SU-8 structure is built after developing and drying procedures as shown in 

Figure 16.   

 

 

Figure 16 Photolithography procedure of C-MEMS: a) insulation layer deposition, b) 

spincoating and baking, c) UV exposure, d) developing 
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B. Pyrolysis process 

The UV lithography is performed for the designated structure. Then, the pre-patterned SU-8 

microstructure is placed in a furnace as can be seen in Figure 17. The heating procedure starts 

from 25°C to 900°C with the rate of 1°C/min. The SU-8 structure keeps at 900°C for 1 hour. 

Finally, the sample is taken out to a furnace after natural temperature drop, when approaching 

25°C. The ratio of shrinkage of carbon structure is approximately 60 % in width and 90 % in 

height from the pre-patterned SU-8 structure. 

 

Figure 17 Pyrolysis procedure of C-MEMS 
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Chapter 5 Experimental 

5.1 Device fabrication 

5.1.1 The fabrication of 1:1 aspect ratio carbon IDA nanoelectrodes. 

The procedure of C-MEMS fabrication is shown in Figure 18. First, the photolithography is executed 

using SU-8 photoresist on a 6-in silicon wafer which is passivated thermally grown silicon dioxide 

layer (700 nm thick). The pyrolysis process is performed in vacuum condition at 900°C. The 

photoresist polymer microstructure converted pyrolytic carbon IDA nanoelectrodes decreasing the 

dimensions of nearly 60% in width and 90% in height. The polymer microstructure in Figure 19 with 

the dimensions of 1 µm width, 1 µm gap and 3 µm height was converted into the carbon IDA 

structure (300 nm width, 1.6 µm gap and 300 nm height). Then, the passivation of conducting surface 

onto carbon IDA nanoelectrodes is done by photolithography leaving the electrical connection region. 

This sample is designed for the batch fabrication process. Therefore, 1 sample contains 4 sets of 

carbon IDA nanoelectrodes facing each other. For the electrochemical sensing, electrochemical cell 

will be made on the surface of carbon IDA nanoelectrodes. To minimize the electrolyte solution 

region, 4 sets of carbon IDA nanoelectrodes confront closely as can be seen in Figure 18 (f).  

 

Figure 18 Fabrication procedure of 1:1 aspect ratio carbon IDA nanoelectrodes: a) first 

photolithography, b) SU-8 polymer microstructure, c) pyrolytic carbon nanostructure after 

pyrolysis, d) second SU-8 spin coating, e) second UV-exposure of the photolithography, f) final 

IDA chip integrated passivation layer to protect conducting area  
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Figure 19 Scanning electron microscope images of a 1:1 aspect ratio carbon IDA nanoelectrodes 

(a) before pyrolysis, (b) after pyrolysis and (c) overall view after pyrolysis[48] 

The design of carbon IDA nanoelectrodes is dependent on the photomask design. In the first study, 20 

sets of electrodes are designed for the feasibility of photolithogprahy depending on the spacing and 

width of electrodes as shown in Figure 20. Final dimensions of carbon IDA nanoelectrodes are 

expressed by Table 1. The thickness of electrodes is decided by the type of SU-8 photoresist (e.g., SU-

8 2002, SU-8 2010). 

Table 1 Size table of carbon IDA nanoelectrodes  

IDA Thin film electrode 1:1 aspect ratio electrode 

# of electrodes 25/pair 25/pair 

Length 100 µm 100 µm 

Width 300 nm ~ 3.2 mm 300 nm ~ 3.2 µm 

Gap 1.6 mm ~ 4.51 µm 1.6 mm ~ 4.5 µm 

Carbon height 80 nm 340 nm 

Original PR height 820 nm 2.95 mm 
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Figure 20 Design of various IDA microelectrodes in a photomask for photolithography 
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5.1.2 The fabrication of carbon IDA nanoelectrode for the integration of microchannel 

The mask design of photolithography is changed for the integration of microchannel onto carbon IDA 

nanoelectrodes. In the first study, the 4 sets of IDA electrode design faces each other to diminish the 

electrolyte solution area. However, in the second study, the IDA electrode design is changed to a 

parallel array for the alignment of PDMS microchannel onto carbon IDA nanoelectrodes surface 

(Figure 21). Thermally grown silicon dioxide layer (thickness: 1 µm) is deposited onto a bare 6-in 

silicon wafer. Then, 3-µm-thick SU-8 photoresist is spincoated and IDA microstructure is patterned 

by photolithography. The polymer patterns with the dimensions of 1.5 µm in width, 1.5 µm gap and 3 

µm in height shrink into 1:1 aspect ratio carbon IDA nanoelectrodes (width = 650 nm, gap = 2.35 µm 

and height = 650 nm) after the pyrolysis process at 900°C in vacuum. The multiple insulation layers 

(100-nm-thick SiO2/100-nm-thick Al2O3/100-nm-thick SiO2) are selectively deposited with the lift-off 

process not to cover sensing region. As illustrated in Figure 22, the open sensing region is 332 µm 

long and 87 µm wide. To ensure the dimensions of 1:1 aspect ratio carbon IDA nanoelectrodes, the 

sidewall of this nanoelectrodes is scanned by the AFM as described in Figure 22(c). For the study of 

the effect of microchannel height, the carbon IDA nanoelectrodes dimensions are fixed (width = 650 

nm, gap = 2.35 µm and height = 650 nm).  
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Figure 21 Fabrication steps of carbon IDA nanoelectrodes: a) bare silicon wafer, b) thermal 

oxidation, c) photoresist spin-coating, d) UV exposure, e) development, f) pyrolysis, g) second 

photoresist spin-coating, h) second UV exposure, i) development, j) passivation layer deposition 

by RF sputtering, k) photoresist removal 
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Figure 22 SEM images and AFM profile of carbon IDA nanoelectrodes (width 650 nm, height 

650 nm, spacing 2.35 µm): a) opening area dimensions of 1:1 aspect ratio carbon IDA 

nanoelectrodes (87 µm in width, 332 µm in length), b) a magnified image and c) side profile of 

the carbon IDA nanoelectrodes 
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5.1.3 Microchannel integration 

PDMS microchannel is patterned using soft lithography with a SU-8 pre-patterned polymer mold. 

Two types of PDMS channel with height of 6 µm and 10 µm are made by soft lithography. Sylgard 

DC-184A and DC-184B are mixed in the ratio of 10:1. Then, the bubbles in the mixed solution are 

removed in vacuum chamber. This PDMS solution is poured onto prepatterned SU-8 polymer mold. 

Removing bubbles in the vacuum chamber is performed again. Then, the sample is cured in an oven at 

65°C. The complete PDMS mold is cut by the knife in relation to the size of carbon IDA 

nanoelectrodes. Before the integration of PDMS microchannel, oxygen plasma is executed. Finally, 

the PDMS microchannel is integrated onto parallel 4 pairs of carbon IDA nanoelectrodes as shown in 

Figure 23. 

 

 

 

Figure 23 Sequence of PDMS microchannel integration onto carbon IDA nanoelectrodes: a) an 

original chip, b) attaching PDMS microchannel onto the chip, c) the final chip design 

 

 

 

  



42 

 

5.1.4 Device failure resources during fabrication 

There are several failure cases during carbon IDA nanoelectrodes fabrication. The photolithography 

condition is very critical to make polymer microelectrodes using SU-8 photoresist. Also, the 

insulation layer is another critical point to ensure the electrochemical sensing devices.  

A. The delamination problem during the development of SU-8 photoresis  

Delamination problems are caused by not fully exposed and underbaked area of photoresist. 

Furthermore, insufficient adhesion force between photoresist and the substrate is another reason 

of delamination problems. The examples of delamination are shown in Figure 24.   

B. The stiction problem after the end of photolithography 

Stiction problems are caused by overbake or unexposed photoresist area (Figure 25). Thick 

photoresist could be easily problematic because of their thickness resulting in incomplete UV 

exposure from the top surface of photoresis to the substrate. Then, the minimum critical 

dimension of photomask such as 1 µm could be definitely damaged by the effect of overbake 

and overexposed.   

C. The insulation layer delamination problem after pyrolysis 

The insulation layer which was deposited by PECVD delamination problem case after pyrolysis 

in Figure 26. 

D. Current leakage due to the imperfect passivation layer  

Current leakage can be detected by cyclic voltammograms after passivation layer deposition. 

The deposition procedure by RF sputtering is resulting in pinholes onto passivation layer which 

is not detected by SEM images of sample. Typical single mode current of carbon IDA 

nanoelectrodes is in the range of nA (1~ 30 nA). If there exist pinholes or open region of 

conducting area, the single mode current increases over nA region. The cyclic voltammogram as 

shown in Figure 27 explains the leakage of current depending on the opening region of 

conduction area. This sample was entirely passivated by 2000Å silicon dioxide layer which was 

deposited by RF sputtering excepting electrical connection region. However, there exist current 

leakage while electrochemical current measurements. It shows the passivation layer should be 

deposited ensuring the complete preventing area of conducting region. Therefore, multi-layer 

deposition by RF sputtering can be a solution for the leakage of current in electrochemical 

experiments.  
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Figure 24 Delamination problem cases during the development of SU-8 photoresist: a) the 

stiction between polymer microelectrodes and the delamination from the substrate, b) the 

delamination of polymer microelectrodes from the substrate. 
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Figure 25 Stiction problem cases after the development and drying of SU-8 photoresist caused 

by overbake and fully unexposed SU-8 photoresist: a) the overall stiction between polymer 

microelectrodes, between microelectrodes and the substrate, b) the partial stiction depending on 

unregular UV-expose area. 
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Figure 26 The insulation layer which was deposited by PECVD delamination problem case after 

pyrolysis 

 

Figure 27 Current leakage cyclic voltammogram due to the imperfect passivation layer onto 

pyrolytic carbon electrodes  
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5.2 Electrochemical measurement set-up 

A. The first design of electrochemical cell 

The first electrochemical cell is designed as can be seen in Figure 28. The sample is 

assembled by two plates in between PDMS electrochemical cell not to leak electrolyte 

solution. Then, electrical wires are connected by silver paste.  

For the electrochemical experiments, a reference electrode is immersed in electrolyte solution. 

And a counter electrode and two working electrodes are connected a Pt electrode and 1 set of 

carbon IDA nanoelectrodes as two working electrodes (a generator and a collector) as shown 

in Figure 28 (b). The measurement is performed in order. The design of 4 sets of carbon IDA 

nanoelectrodes is to ensure the feasibility of the batch fabrication process.    

 

Figure 28 Practical set-up for the 4 sets of the first carbon IDA nanoelectrodes design: a) 

the real sample of carbon IDA nanoelectrodes, b) the schematic of electrochemical cell set-

up 
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B. The second design of electrochemical cell 

The second  electrochemical cell is not needed to additive structure not to leak electrolyte 

solution, because pre-patterned PDMS microchannel is stick onto the 4 pairs of carbon IDA 

nanoelectrodes surface leaving the electrical connection region. Then, electrical wires are 

connected by silver paste on each open region. 

The electrolyte solution is inserted into PDMS microchannel by pipette for the 

electrochemical sensing. Then, droplets of electrolyte solution falls on the top of PDMS 

microchannel to immerse a reference electrode as illustrated in Figure 29 (b). 

 

 

Figure 29 Practical set-up for the parallel 4 pairs of the second carbon IDA nanoelectrodes 

design integrated PDMS microchannel: a) the real sample of carbon IDA nanoelectrodes, b) the 

schematic of electrochemical cell set-up 
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5.3 Electrochemical experiment procedure 

In this study, Fe(CN)6
4-(ferrycyanide) solution is used to determine the effect of redox cycling. 

Commercial Ag/AgCl electrode is used as a reference electrode. The redox reaction of ferrycyanide 

starts nearly 0.163 V (standard reduction potential or standard electrode potential) against Ag/AgCl 

electrode as described in Figure 30. The standard potential of Fe(CN)6
4-(ferrycyanide) is 0.265V 

against Ag/AgCl electrode.     

There are two types of electrochemical sensing in cyclic voltammetry for measuring diffusion-limited 

current with a carbon IDA nanoelectrodes: single mode and dual mode. Single mode is measuring the 

current without redox cycling from 0 V to 0.6 V or 0.8 V. In addition, dual mode is measuring the 

current with redox cycling which occurs between two electrodes (a generator and a collector 

electrode). A generator electrode is scanned from 0 V to 0.6 V or 0.8 V. A collector electrode is 

scanned at -0.3 V. The applied potential induces to the redox reaction between two facing IDA 

electrodes. The potential range for single and dual mode should be applied enough to assure the 

diffusion-limited current compared to a reference electrode. In the Figure 30, the potential window of 

a working electrode and a counter electrode should be wider than overall redox reaction. Therefore, 

platinum electrode and carbon IDA nanoelectrodes is suitable for a counter electrode and working 

electrodes. 

 

 

 

Figure 30 Potential range of ferri/ferrocyanide solution during single mode and dual mode 

experiments and the potential window of carbon and platinum electrode 
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Chapter 6 Results  

6.1 The electrochemical sensing capability of 1:1 aspect ratio carbon IDA nanoelectrodes  

In this study, the main key parameter is the geometry of carbon IDA nanoelectrodes such as the width, 

height of the nanoelectrodes and the gap between a generator electrode and a collector electrode. The 

redox cycling effect using IDA electrode simply shows in Figure 31. In case of the thin film electrode 

in Figure 31(a), the core redox cycling occurs on the top surface of IDA electrode. However, the high 

aspect ratio electrode in Figure 31(b), the redox cycling mainly occurs between the sidewall of two 

IDA electrodes resulting in high amplification factor. The high sidewall of IDA electrodes traps redox 

species to reduce the opportunity of escaping redox reaction to bulk solution. This phenomenon can 

cause the increase of the diffusion-limited current. The higher current triggers higher amplification 

factor for the sensitive electrochemical detection. The relation of geometry and the diffusion-limited 

current can improve the sensitivity of electrochemical sensors. The feasibility of carbon IDA 

nanoelectrodes for highly sensitive electrochemical sensing will be specified 

 

Figure 31 The principles of redox cycling in the 1:1 aspect ratio carbon IDA nanoelectrodes (a) 

low aspect ratio electrode (thin film electrode), (b) high aspect ratio electrode.  

In Figure 32, the cyclic voltammograms show the difference of redox cycling effect compared to the 

thickness of carbon IDA nanoelectrodes. The anodic current of 1:1 aspect ratio carbon IDA 

nanoelectrodes (width: 300 nm, height: 340 nm, gap: 1.65 µm) is 5.4 times higher than the same 

current in low aspect ratio carbon IDA nanoelectrodes. However, the ratio of surface area of 1:1 

aspect ratio nanoelectrodes is only 2.1 times larger than that of thin film nanoelectrodes. Therefore, 

the higher current shape ensures the higher redox cycling because of the effect of the sidewall. In 

single mode at the 1:1 aspect ratio carbon nanoelectrodes, the sigmoidal potential-current plot is 

measured in contrast with the linear dual mode current at the same nanoelectrodes as shown in Figure 
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32(b). In addition, the single and dual mode which are at the low aspect ratio carbon nanoelectrodes 

have sigmoidal shape. This is because the conductivity of glassy carbon electrode is not higher than 

that of Pt or Au electrodes that have the same geometry. IR drop of carbon electrodes on the surface 

brings in a significant problem.  

When the applied potential increases, the current of 1:1 aspect ratio nanoelectrodes in dual mode 

steeply increases with the parabolic shape. This parabolic shape can be changed with the exception of 

IR drop effect. In the simulation as shown in Figure 33, sigmoidal shape of dual mode current is 

achieved without the effect of IR drop. This shows large surface area of carbon IDA nanoelectrodes 

can be one of the factors affecting the plot shape not to succeed in fully diffusion-limited current 

shape.  

Controllable dimensions of carbon IDA nanoelectrodes is the main advantage for the batch fabrication 

without using expensive and complex method when the mask design for UV lithography is changed to 

have different geometry of carbon IDA nanoelectrodes. Therefore, the various gap and width of 

carbon IDA nanoelectrodes are designed for the feasibility of redox cycling effect. Decreasing the gap 

in the thin film nanoelectrodes is a minor factor for current amplification factor. When it comes to 

decreasing the gap of 1:1 aspect ratio nanoelectrodes, it becomes a significant factor for current 

amplification. 25 of current amplification factor achieved by the carbon IDA nanoelectrodes (300 nm 

in width, 340 nm in height and 1.65 µm gap) compared to 5 times of current amplification in the thin 

film nanoelectrodes (300 nm in width, 80 nm in height and 1.65 µm gap). The effect of the side wall 

enlarges the current amplification factor drastically. In collection efficiency, 0.8 of collection 

efficiency in the thin film electrodes is achieved as shown in Figure 34. However, nearly 1 of 

collection efficiency with the 1:1 aspect ratio carbon IDA nanoelectrodes is accomplished. The 

affluent redox cycling ensures as increasing the height of carbon IDA nanoelectrodes.  

1.5 times of difference in width is the insignificant factor for the redox cycling. The possibility of 

redox cycling increases when decreasing the gap. Nevertheless, the smaller width of electrode with 

the narrow gap increases the amplification factor. When the electrode width decreases from 2.4 µm to 

1.6 µm with the same gap, the amplification factor is inclined from 5.4 to 11.5 in Figure 35. Also, the 

collection efficiency increases from 0.84 to 0.92. This is because the slight change in width is not 

significant factor affecting the amplification and collection efficiency. On the other hand, the change 

in gap becomes important to repeat the redox reaction. The trap of redox species between the sidewall 

is more effective phenomenon for higher sensitivity when the small change in the electrode width. 
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Figure 32 Cyclic voltammograms of the carbon IDA nanoelectrodes in 10 mM ferrocyanide with 

0.5 M KCl: a) thin film nanoelectrode (300-nm-wide, 80-nm-high, spacing 1.65 µm), b) 1:1 

aspect ratio nanoelectrodes (300-nm-wide, 340-nm-high, spacing 1.65 µm) 
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Figure 33 Comparison results of dual mode current from the experiment and simulation data  
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Figure 34 a) amplification factor and b) collection efficiencies of carbon IDA nanoelectrodes 

which have various electrode gap with the dimension of thin film nanoelectrode (300-nm-wide, 

80-nm-high) and 1:1 aspect ratio nanoelectrodes (300-nm-wide, 340-nm-high) 
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Figure 35 Effect of geometry (gap and width) of carbon IDA nanoelectrodes: a) amplification 

factor and b) collection efficiency (electrode thickness: 450 nm) 
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6.2 The effect of the confinement of redox species in a microchannel on the electrochemical sensing 

capability of carbon IDA nanoelectrodes embedded in the channel 

In the earlier studies, carbon based IDA electrodes was used in a conventional flow cell, that is liquid 

chromatography electrochemical detection (LCEC), decreasing electrochemical cell volume [15], [16]. 

120-pL volume detection was performed with carbon ink electrodes integrated in polymer 

microchannel [50]. Furthermore, the approaches of integration of microchannel were executed by 

Kurita, Hayashi, Godino [17], [51], [52]. A microfabricated wall-jet cell combined IDA electrodes 

contributed the low concentration detection of 4 nM at a flow rate of 1 µl/min. 100 pM of low 

detection limit was reported with the IDA electrode located in an on-line microfluidic device. The 

microband electrode integrated in PDMS gasket showed versatile lab-on-a-chip device for the 

detection of enzyme activity. Signal amplification studies in a microchannel was performed by Lewis 

[53]. 7.6 of amplification factor was achieved with micro band electrodes. This result showed the 

importance of redox cycling effect in a confined microchannel for the optimization of electrode 

designs. The different configuration of microelctrodes in a restricted volume offers the limitation of 

amplification capabilities.  

Therefore, confined redox species in a microchannel, their number of molecule is limited by the 

volume of the microchannel. The effect of redox cycling will show outstanding results unlike in the 

bulk solution. The second carbon IDA nanoelectrodes experiments are executed by the comparison of 

geometry effect changing the height of a microchannel.  

The simple principles of redox cycing in a microchannel are shown in Figure 36. In a microchannel, 

the oxidation for the single mode and the redox cycling for the dual mode occurs as usual. However, 

as the dual mode current is the same as the current in bulk solution, the single mode current in a 

microchannel will change compared to the current in bulk solution. That is because the redox cycling 

is not affected the limitation of volume containing redox species. However, the single mode current is 

under the influence of the depletion of oxidized species. This is the key for the second study of the 

carbon IDA nanoelectrodes.  
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Figure 36 Schematic of redox cycling in a microchannel with IDA electrodes: a) overall view 

redox cycling, b) single mode (without redox cycling) and c) dual mode (with redox cycling)   

6.2.1 Dual mode current simulation 

The diffusion-limited current of the carbon IDA nanoelectrodes depending on the microchannel 

height is characterized by the simulation of the concentration profile of redox species (COMSOL, 

Multiphysics ver.4.2). The 2D model and 3D model are performed for the simulations. The results 

obtained from the 2D and 3D models agree with each other, this paper uses the 2D model because of 

its simplicity.  

The diffusion in 2D simulation is defined as   

2 2

2 2
( )

C C C
D

t x y

¶ ¶ ¶
= +

¶ ¶ ¶
                             (6.1) 

Where D is the diffusion coefficient, C is the concentration, and x and y are the coordinates of the 

system. The additional parameters for the simulation are shown in Table xx.  

In bulk solution, C*, the bulk concentration, is set to the boundary. The boundary in bulk solution is 

made adequately large in order to eliminate the influence of boundary. The flux including inward and 

outward is determined by Butler-Volmer equation. The generator potential is scanned from 0 V to 0.8 

V at 0.05 Vs-1. The collector electrode is biased at -0.3 V. By the Fick’s first law, the diffusion-limited 

current is calculated by the result of the concentration profile.  

The boundary condition for the simulations is illustrated in Figure 37. In the microchannel model, 

both sides of boundary are set to bulk concentration. Top surface of the boundary is set as insulation. 

The passivation layer is also set as insulation. In case of bulk solution model, every edge boundary 

conditions is set as the bulk concentration, C*. A 1:1 aspect ratio nanoelectrodes (thickness = 650 nm, 

width = 650 nm, electrode gap = 2.35 µm) and a thin-band nanoelectrode (thickness = 650 nm, width 

= 100 nm, electrode gap = 2.35 µm) are selected for the numerical studies. The difference in height 

will verify the effect of sidewall of caron IDA nanoelectrodes in a microchannel. In case of 1:1 aspect 
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ratio nanoelectrodes, the practical sample is fabricated identically for the comparison of the 

simulation results.  

As can be seen in Figure 38 and 39, the concentration profiles of 10 mM ferrocyanide solution in bulk, 

10-µm, 6-µm, 2-µm-thick microchannel are described. The radial concentration profile maintains its 

form while a microchannel is integrated even with enough height to construct the profile completely. 

If there is no interference of concentration profile in a microchannel, the dual mode current reaches 

nearly the current in bulk solution. The total current at 1:1 aspect ratio nanoelectrodes is reduced only 

0.33% in a microchannel as shown in Table 2. The circular diffusion profiles are hindered by 

decreasing the height of microchannel up to 1 µm. The decrease of total current is considerably 

caused by the incomplete diffusion profile. Therefore, the mass transport resulting from diffusion is 

dominant between two IDA nanoelectrodes. The collection efficiency improved in a microchannel by 

redox cycling to reduce the possibility of eascape of redox species in the vicinity of nanoelectrodes. 

The thin nanoelectrodes have the similar results compared to the 1:1 aspect ratio nanoelectrodes. The 

concentration profile remains the same shape until the height of a microchannel decreases to interfere 

with the profile. The collection efficiency is also shown as the similar result that of thick 

nanoelectrodes, that is, the increase of collection efficiency as the decrease of channel height 

approaching 100%. In Table 4, the current at the top region of thick electrodes is 12% less than that of 

thin electrodes at the 100-nm region. However, the total current of thick electrodes is 1.73% larger 

than that of thin electrodes. The surface area of thick electrode is 2.3 times larger. The 100 nm thick 

sidewall collects as much as 52% of the current from the 650 nm wide top surface. The uppermost 

100 nm of the sidewall of the thick electrode collects 44% of the current through the top surface. The 

rest of the sidewall collect 1.4 times more than that of top surface. Thus, the linear diffusion of 

sidewall dominates the redox cycling between two IDA electrodes. This affects in both case of 

microchannel and bulk solution.  
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Figure 37 Boundary conditions for the analytical simulation of cyclic voltammograms in 10 mM 

ferrocyanide: a) in bulk solution, b) in a microchannel, c) in magnified electrode region 

(generator electrodes, green lines; collector electrodes, orange lines; bulk solution, red lines; 

insulation, blue lines) 
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Figure 38 Simulation results of ferrocyanide concentration profiles in dual mode of 1:1 aspect ratio carbon IDA nanoelectrodes (electrode width: 

650 nm, height: 650 nm, spacing 2.35 µm, 50 electrode pairs, the thickness of insulation: 300 nm) in 1, 2, 6, 10 µm microchannel and bulk solution 

 

 



 

 

6
0
 

 

 

 

 

Figure 39 Simulation results of ferrocyanide concentration profiles in dual mode of thin-band carbon IDA nanoelectrodes (electrode width: 650 

nm, height: 100 nm, spacing 2.35 µm, 50 electrode pairs, the thickness of insulation: 300 nm) in 1, 2, 6, 10 µm microchannel and bulk solution 
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Table 2 Analytical simulation results of the dual mode current with 1:1 aspect ratio carbon IDA nanoelectrodes integrated in microchannels 

(channel height = h). The entire collection efficiency and current values are calculated at 0.8 V of cyclic voltammetry. 

Diffusion limited current (μA) 

  Bulk solution h = 10 μm h = 6 μm h = 2 μm h = 1 μm 

Generator 

Top 1.13 1.12 1.11 1.1 0.99 

Sum of both sides 1.98 1.97 1.96 1.95 1.9 

Total 3.11 3.10 3.07 3.06 2.89 

Collector 

Top 1.09 1.12 1.11 1.1 0.99 

Sum of both sides 1.94 1.97 1.95 1.95 1.9 

Total 3.03 3.09 3.06 3.06 2.89 

Total 

Top 2.22 2.24 2.22 2.2 1.98 

Sum of both sides 3.92 3.94 3.91 3.9 3.8 

Total 6.14 6.18 6.13 6.12 5.78 

Collection efficiency (%) 97.4 99.7 99.7 100 100 
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Table 3 Analytical simulation results of the dual mode currents of thin-band carbon IDA nanoelectrodes integrated in microchannels (channel 

height = h). The entire collection efficiency and current values are calculated at 0.8 V of cyclic voltammetry. 

Diffusion limited current (μA) 

  Bulk solution h = 10 μm h = 6 μm h = 2 μm h = 1 μm 

Generator 

Top 1.2 1.18 1.18 1.16 1.04 

Sum of both sides 0.62 0.61 0.60 0.60 0.56 

Total 1.82 1.79 1.78 1.76 1.6 

Collector 

Top 1.15 1.18 1.18 1.16 1.04 

Sum of both sides 0.6 0.60 0.60 0.60 0.56 

Total 1.75 1.78 1.78 1.76 1.6 

Total 

Top 2.35 2.36 2.36 2.32 2.08 

Sum of both sides 1.22 1.21 1.20 1.2 1.12 

Total 3.57 3.57 3.56 3.52 3.20 

Collection efficiency (%) 96.2 99.4 100 100 100 
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Table 4 Analytical simulation results of the dual mode currents of the single generator electrodes at the center of the electrode arrays in 10-um-

high microchannels (thick electrode, 650-nm-thick; thin electrode, 100-nm-thick). The entire collection efficiency and current values are 

calculated at 0.8 V of cyclic voltammetry. 

Thick electrode (nA) Thin electrode (nA) 

Distance to the top 

surface (nm) 
Top Sum of both sides 

Distance to the top 

surface (nm) 
Top Sum of both sides 

0-100 24.4 10.69 

0-100 23.5 12.17 

100-200 - 7.31 

200-300 - 6.45 

300-400 - 6.03 

400-500 - 5.82 

500-600 - 5.71 

600-650 - 2.84 

Total 24.4 44.85 Total 23.5 12.17 
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6.2.2 Experiment on dual mode current 

The experimental results were achieved by cyclic voltammetry and chronoamperometry on the basis 

of the analytical simulation results. First, cyclic voltammograms were performed as shown in Figure 

40. This shows the characterization of redox cycling-based current amplification, both in bulk solution 

and in microchannel (6 µm and 10 µm in height). No external pressure control produced in stationary 

fluid of microchannel in the experiments. The generator current for oxidation of ferrocyanide is 3.11 

µA in bulk solution while the cathodic current for reduction of ferricyanide is 3.01 µA as shown in 

Figure 40. Yet, the single mode current is 288 nA. The amplification and collection efficiency reaches 

10.8 and 96.8%. The dual mode current of carbon IDA nanoelectrodes integrated in microchannel 

shows the similar value compared to the current in bulk solution as expected from the analytical 

simulation. The deviation exists within only 4% under three different conditions; in bulk solution, 6-

µm-thick microchannl, 10-µm-thick microchannel. The result matches the simulation error in a range 

of 5.8%. In 6-µm-thick PDMS microchannel, the single mode current is 23-38 nA, reaching the 

amplification factor of 139. Similarly, the single mode current in 10-µm-thick microchannel reaches 

14-40 nA, which accomplishes the maximum amplification of 230. The single mode current affects 

the volume of redox species in constrained microchannel. The depletion of redox species occurs 

rapidly compared to bulk solution. The variation of single mode current caused due to the incomplete 

alignment of microchannel onto carbon IDA nanoelectrodes resulting in the slight volume change of 

microchannel. However, the dual mode current does not affect the misalignment of microchannel 

because of dominant redox cycling between the generator and collector electrodes. Also, the redox 

cycling of sidewall in two electrodes is dominant. The enclosed volume of redox species due to 

microchannel improves the collection efficiency up to 98%.  
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Figure 40 Cyclic voltammograms of carbon IDA nanoelectrodes in 6, 10 µm microchannel and 

bulk solution (electrodes dimensions: 650 nm wide, 650 nm thick, 80 µm long, 2.35 µm spacing). 

10 mM of ferrocyanide solution with 0.5 M KCl at a scan rate of 50 mVs-1 is used.   
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In chronoamperometry, 3.03 nA of the single mode current is measured in 10 µm microchannel 

(Figure 41). The dual mode current in the same condition is 3.38 µA. The amplification factor 

progresses up to 1116. The single mode current in chronoamperometry shows the charging current 

when the potential starts to apply. As the circumstance approaches to steady-state condition controlled 

by diffusion, the current decreases depending on the depletion of redox species in small volume of 

microchannel. This enhance extremely the current amplification of carbon IDA nanoelectrodes. 

Therefore, the reduction in single mode current enriches current amplification in small volume by 

shrinking the channel volume.  

The carbon IDA nanoelectrodes show the good stability of property integrated in microchannel 

continuing several cyclic voltammetry and chronoamperometry experiments, if the device is kept 

filled with distilled water.     

 

Figure 41 Chronoamperometry result of 1:1 aspect ratio carbon IDA nanoelectrodes integrated 

10 µm microchannel in 10 mM ferrocyanide with 0.5 M KCl 
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For the feasibility of low limit of detection (LOD) sensors, the carbon IDA nanoelectrodes were 

measured low concentration of ferrocyanide up to 1 µM as shown in Figure 42. The nanodevices even 

with the outstanding low limit of detection range had disadvantages of fabrication process reaching 

the nanoscale dimensions following expensive and comphrehensive fabrication process. This is why 

carbon IDA nanoelctrodes integrated microchannel is suitable device for the sensitive, low cost and 

efficient nanoscale sensors.    

The possibility of neurotransmitters with carbon IDA nanoelectrodes was performed by dopamine 

detection as shown in Figure 43. The lowest concentration appears at 10 µM concentration of 

dopamine. Furthermore, the linearity of concentration is shown in Figure 43 (b). However, as in 

Figure 43, the diffusion-limited current over 1 mM of dopamine is not saturated because of electrode 

polymerization and fouling of dopamine on the electrode surface under experiments. This is because 

the electron kinetics is impeded as the experiments progresses. When the current increases as the 

concentration enlarges, the dopamine absorption on the surface of electrode and the IR drop which is 

significant reducing electrode potential resulting in decrease of diffusion-limited current obstructs the 

limit of detection [54],[55][48].  

The feasibility and the capability of carbon IDA nanoelectrodes as electrochemical sensors were 

evaluated. Consequently, the carbon IDA nanoelectrodes fabrication shows the advantage of 

nanoelectrode fabrication. Polymer microstructure that is fabricated by photolithography converts 

carbon nanostructure by pyrolysis process. This shows that the pyrolysis process provokes dramatic 

volume change of polymer microstructure and results in conductive carbon structure.  
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Figure 42 a) cyclic voltammograms of various concentration of ferrocyanide with 1:1 aspect 

ratio carbon IDA nanoelectrodes in a 10 µm microchannel and b) diffusion-limited current at 

0.8 V of the generator electrodes 
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Figure 43 a) cyclic voltammograms of various concentration of dopamine in 0.1 M PBS solution 

using 1:1 aspect ratio carbon IDA nanoelectrodes in a 10 µm PDMS microchannel and b) 

diffusion-limited current at 0.6 V of generator electrodes 
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Chapter 7 Conclusion 

In this study, the feasibility of carbon IDA nanoelectrodes as highly sensitive electrochemical sensors 

was demonstrated. The carbon nanoelectrodes were fabricated using carbon MEMS process that is 

easy, simple and low cost fabrication process using only conventional photolithography and pyrolysis 

process. Also, the pyrolysis process results in dramatic volume change of microstructure resulting in 

nanostructure and conversion of material change from polymer structure to conductive carbon 

structure. Therefore, carbon MEMS process has big advantage in nanoelectrode fabrication. The 

capability of electrochemical sensing of carbon IDA nanoelectrodes was characterized by measuring 

electrochemical current signal amplified by redox cycling. The parameters which affect the current 

amplification were the geometry of carbon IDA nanoelectrodes and the confinement of redox species. 

The geometry of carbon nanoelectrodes including thickness, width and gap determined the current 

amplification as the diffusion of redox species are dominated by the nanoelectrode geometry. 25 of 

maximum amplification factor was achieved using 1:1 aspect ratio carbon IDA nanoelectrodes (width 

~ 300 nm, thickness ~ 340 nm, gap ~ 1.65 mm) in bulk solution.  

When the IDA nanoelectrodes were integrated in a microchannel, the current amplification was also 

influenced by the channel height. The analytical simulation studies showed that the sidewalls of 

carbon IDA nanoelectrodes play a dominant role in diffusion flux in dual mode so that the effect of 

diffusion at the electrode top side was not significant. Therefore, the current in dual mode is not 

affected as long as the channel height is high enough not to hinder the radial diffusion profile over the 

carbon nanoelectrodes.. This simulation result agreed well with the experimental results from carbon 

IDA nanoelectrodes (width ~ 650 nm, thickness ~ 650 nm, gap ~ 2.35 mm) in 10-µm-high PDMS 

microchannel. The carbon nanoelectrodes in a microchannel achieved 250 and 1116 of amplification 

factors in cyclic voltammetry and chronoamperometry. The limit of detection for ferrocyanide in 

cyclic voltammetry was 1 µM. The feasibility of the carbon IDA nanoelectrodes as biosensors was 

tested using various concentrations of dopamine solution.  

In recent studies, 6500 and 400 of current amplification factor were reported by Straver [56] and 

Zevenbergen [57]. They used a thin-layer cell design to enhance redox cycling current amplification. 

However, the nano-gap thin-layer cell design is difficult to fabricate using conventional 

micro/nanofabrication methods so that it requires complex and expensive fabrication technologies (e.g. 

e-beam lithography, sacrificial layer for the nano-gap).  On the contrary, the carbon IDA 

nanoelectrodes fabrication technology is versatile and appropriate for batch fabrication. Moreover, the 

electrochemical sensing capability of carbon IDA nanoelectrodes in a microchannel is comparable to 

that of IDA nanoelectrodes integrated in a nanochannel [14]. Therefore, the development of carbon 

IDA nanoelectrodes showed the feasibility of carbon MEMS for the batch fabrication of 

nanoelectrodes.  
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This study analyzed the effects of the electrode geometry and the confinement of redox species in 

microchannel on the efficiency of redox cycling. Carbon IDA nanoelectrodes could easily enhance 

redox cycling without difficult electrode design. The integration of microchannel showed drastic 

current amplification by maintaining similar dual mode current to that in bulk solution while single 

mode current decreased. Therefore, the confinement of redox species in a microchannel enables high 

sensitivity and selectivity for the redox recyclable analytes. It is expected that the novel nanoelectrode 

fabrication technology is to be widely used as sensor platforms in lab-on-a-chip devices owing to 

simple and low cost fabrication, and good sensing capability.  
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