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	 The geometry dependence and three-dimensionalized effect of the electrochemical 
properties of iridium oxide electrodes used in retinal prosthesis are discussed herein.  Planar 
electrodes with various geometries were fabricated.  Three-dimensionalized electrodes with 
microfabricated resin cores were also fabricated.  The charge storage capacity (CSC) and charge 
injection capacity (CIC), both of which are important properties for neural stimulation, were 
quantitatively evaluated.  This evaluation showed the important electrode property that the 
surface area dominantly affects the CSC.  On the other hand, the CIC was not proportionally 
related to the electrode area, confirming that the edge region of the electrodes is significant in 
the mechanism of action.  Moreover, performance enhancement with a three-dimensionalized 
electrode was clearly confirmed.  The fundamental properties of highly effective stimulus 
electrodes were successfully evaluated and a detailed discussion is presented.

1.	 Introduction

	 Neural stimulation has become increasingly important in the field of brain–machine 
interfaces, especially for sensory prosthesis.  Cochlear implants are among the most widely 
recognized sensory prosthesis systems.  In recent years, the practical application of retinal 
prosthesis, a more complicated prosthesis, has been implemented.(1–3)  However, the visual 
quality provided to patients is insufficient because a neural interface capable of carrying huge 
amounts of visual information is extremely difficult to obtain.  The size and number of stimulus 
electrodes required for the neural interface at the retina limit the practical implementation of 
this system.  Although an electrode array comprising a huge number of microelectrodes with 
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dimensions similar to those of retinal cells can be fabricated by applying CMOS technology, the 
electrochemical performance of these electrodes does not satisfy the requirements for retinal 
stimulation.  A critical margin of electrochemical performance must be maintained for safe 
stimulation, which is indispensable for implantable medical devices.
	 Many approaches have been investigated with the aim of achieving sufficient performance, 
even with miniaturized electrodes.  One promising approach is to utilize capacitive 
electrodes(4–6) that improve electrode performance by increasing the real surface area obtained 
by a micro/nano-scale surface morphology.  The introduction of reactive electrodes such 
as oxides(7–9) and organic polymers(10) has also been investigated.  Our focus has been on 
achieving high-performance iridium oxide (IrOx) materials by optimizing the fabrication 
process and fundamental electrochemical properties.(11,12)  The in vivo validation of neural 
stimulation by IrOx electrodes was also successfully achieved.(13)  Moreover, we attempted 
another approach for enhancing the electrochemical performance by introducing a three-
dimensionalized electrode.(14)  Although the potential of IrOx and the effectiveness of the 
three-dimensionalized electrode were demonstrated, quantitative evaluation of the electrode 
performance of the optimized electrode design has not yet been undertaken.  Although the 
geometrical effect has been investigated(15) in the case of rectangular electrodes, quantitative 
evaluation of the shape dependence of the electrode performance is required for optimized 
design of the miniaturized electrode.  In addition, although Au stud bumps were used to form 
the three-dimensional structure, the miniaturization of that structure is unrealistic.  In this 
study, the effects of geometrical properties, i.e., the size and shape of the electrodes, and the 
effect of three-dimensionalization on the electrochemical performance, were evaluated through 
electrochemical analysis of the electrodes.  We report the fabrication of electrodes of various 
shapes and sizes and discuss the mechanism underlying their electrochemical properties.  
We also discuss the technique of fabricating a three-dimensional structure that is suitable 
for miniaturization.  Three-dimensionalized electrodes were fabricated and electrochemical 
analysis was performed.

2.	 Evaluation of Geometrical Effect of Planar Electrode

	 Various types of planar electrodes based on IrOx were fabricated for the evaluation of the 
geometry dependence of the electrochemical performance.  The fabricated electrodes were 
quantitatively characterized to discuss their electrochemical performance with the aim of 
optimizing the electrode design.

2.1	 Fabrication of electrodes

	 Planar electrodes of various sizes and shapes were designed and fabricated.  Table 1 shows 
a list of the fabricated electrodes.  The electrodes were fabricated with circular, equilateral 
hexagonal, square, and rectangular geometries with aspect ratios of 4–25, as well as with an 
equilateral triangular shape.  The surface areas of the electrodes ranged from 0.01 to 6 mm2 
for each shape.  Figure 1 shows the structure of a microchip with a circular electrode as one 
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example of the fabricated electrodes.  The microchip had a planar thin film of IrOx, which acted 
simultaneously as an electrode, a lead wire, and an external connection pad on a Si substrate 
with a 1-µm-thick SiO2 surface insulation layer.  The entire surface of the microchip, except for 
the electrode window and external connection pad, was covered with resin for insulation.

Table 1
List of fabricated electrodes.
Shape Length of each side/Diameter (mm) Area (mm2) Perimeter length (mm)

Circle

2.38 4.45   7.48
2.13 3.56   6.69
1.13 1.00   3.54
0.56 0.25   1.77
0.34 0.09   1.06
0.11 0.01   0.35

Equilateral hexagon

1.51 5.92   9.06
1.24 3.99   7.44
0.62 1.00   3.72
0.31 0.25   1.85
0.19 0.09   1.12
0.06 0.01   0.37

Square

2.45 6.00   9.80
2.00 4.00   8.00
1.00 1.00   4.00
0.50 0.25   2.00
0.30 0.09   1.20
0.10 0.01   0.40

Rectangle

  1.0 × 6.0 (Aspect ratio: 6) 6.00 14.00
  1.0 × 4.0 (Aspect ratio: 4) 4.00 10.00
  0.5 × 2.0 (Aspect ratio: 4) 1.00   5.00

    0.1 × 2.5 (Aspect ratio: 25) 0.25   5.20
    0.1 × 1.0 (Aspect ratio: 10) 0.09   2.18
0.05 × 0.2 (Aspect ratio: 4) 0.01   0.49

Equilateral triangle

3.72 5.99 11.16
3.09 4.13   9.27
1.51 0.99   4.53
0.76 0.25   2.27
0.45 0.09   1.36
0.15 0.01   0.45

Fig. 1.	 (Color online) Structure of planar electrode in (a) top and (b) cross-sectional views.

(a) (b)



216	 Sensors and Materials, Vol. 30, No. 2 (2018)

	 Figure 2 shows the process flow for the fabrication of the planar electrodes.  First, the 
surface of the Si substrate with a 1-µm-thick thermal SiO2 layer was cleaned using oxygen 
plasma [Fig. 2(a)].  A 2-µm-thick photoresist (AZ-5214E, Merck Performance Materials) 
was coated and patterned onto the substrate, as shown in Fig. 2(b).  The substrate was then 
introduced into the sputtering chamber (CFS-4ES-II, Shibaura Mechatronics Corporation) and 
surface cleaning was performed by reverse sputtering.  The parameters for reverse sputtering 
were pressure: 1 Pa; Ar gas: 10 sccm; radio-frequency (RF) power: 50 W; sputtering time: 1 
min.  A 50-nm-thick Ti film as an adhesion layer and a 1-µm-thick IrOx film were formed by 
sputtering without chamber venting after the surface-cleaning process [Fig. 2(c)].  Ar sputtering 
was used for Ti deposition, and reactive sputtering with an Ir target and O2 gas was used for 
IrOx deposition.  The parameters of Ti deposition were  pressure: 0.6 Pa; Ar gas: 20 sccm; DC 
power: 100 W; sputtering time: 5 min.  The parameters for IrOx deposition were: pressure: 1 Pa; 
O2 gas: 10 sccm; RF power: 200 W; sputtering time: 60 min.  The sputtering parameters were 
the same as the optimized parameters used in our previous work.(14)  To achieve lift-off of the 
Ti/IrOx layer, the sputtering-deposited substrate was immersed in a solvent (AZ Remover 100, 
Merck Performance Materials) at 80 °C for 60 min.  The photoresist was dissolved and the Ti/
IrOx films were patterned as shown in Fig. 2(d).  Finally, a permanent photoresist (SU-8 3010, 
MicroChem) was coated onto the surface of the microchip.  The electrode window and external 
connection pad were opened by photolithography.  Figure 3 shows the micrographs of typical 
fabricated electrodes.

Fig. 2.	 (Color online) Process flow for fabrication of planar electrodes.

(a) (b) (c)

(d) (e)

Fig. 3.	 (Color online) Micrographs of typical fabricated electrodes.  (a) Equilateral hexagonal electrodes.  (b) 
Square electrodes.  (c) Equilateral triangular electrodes.

(a) (b) (c)
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2.2	 Electrochemical evaluation

	 The quasi-static performance and dynamic performance, both of which are important 
electrochemical properties, were evaluated quantitatively.  The mechanism underlying the 
electrochemical performance is discussed below, with the aim of optimizing the electrode 
design.

2.2.1	 Charge storage capacity (CSC)

	 The CSC is an important parameter for evaluating the electrochemical performance of an 
electrode in the quasi-static state, i.e., the sufficiently slow reaction at the electrode surface.  
The CSC provides a good reflection of the original properties of the electrode material without 
complicated effects from the harmonic components of the applied voltage, charging effects, and 
the condition of the electrode surface.  Cyclic voltammetry (CV) with a typical three-electrode 
configuration was performed to evaluate the CSCs of the fabricated electrodes.  Phosphate 
buffered saline (PBS) (164-18541, 0.01 mol/L PBS, Wako Pure Chemical Industries) was used to 
simulate the implanted retinal stimulator.  The fabricated electrodes were used as the working 
electrode, a 2 × 2 cm2 Pt plate was used as the counter electrode, and a Ag/AgCl electrode with 
saturated KCl was used as the reference electrode; the electrodes were dipped into the PBS and 
connected to an electrochemical analyzer (PGSTAT204, Metrohm Autolab B.V.) that functioned 
as a potentiostat.  The potential of the working electrode was swept from −0.65 to 0.8 V, which 
corresponds to the potential window of IrOx, at a sweep speed of 50 mV/s.  The CSC was 
calculated as the integral of the cyclic voltammogram, i.e., the closed area of the CV curve.(16,17)

	 The surface of an Ir electrode can be activated, i.e., modified to IrOx, by the application of 
cyclic voltage in saline.(18)  The same behavior was observed for the sputtered IrOx film (SIROF), 
even though the SIROF was already oxidized.  Because of the activation phenomenon, the initial 
condition of the as-deposited SIROF was not stable; therefore, an increase in CSC was observed.  
Figure 4 shows the increase in CSC during CV analysis of the circular SIROF electrode with a 
diameter of 1 mm.  The CSC calculation could not be performed for the first two voltage cycles 

Fig. 4.	 Increase in CSC with voltage cycling using CV.  The CSC values plotted are the average of measurements 
from three individual electrodes.  Error bars show the standard deviations of the measured CSCs.
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because of unstable data from the CV measurement.  The CSC increased in accordance with the 
voltage cycling after the third voltage cycle.  After the 18th voltage cycle, the CSC changed by 
less than 1% per cycle.  Therefore, in this study, the CSCs were calculated from the results of 
the 20th voltage cycle for stable evaluation.  
	 CSC measurements of the fabricated electrodes were performed.  At least three electrodes 
were analyzed for each electrode geometry.  Figures 5 and 6 show CSC versus electrode area 
and perimeter length, respectively.  All electrode shapes showed a similar trend where the CSC 
increased proportionally to the electrode area, i.e., the CSC was proportional to the square of 
the electrode perimeter length.  These results show that the CSC was dominantly determined by 
the electrode area.  Furthermore, the edge effect was not significant because the CSC was not 
directly proportional to the electrode perimeter length.

2.2.2	 Charge injection capacity (CIC)

	 Pulsed stimulation is generally used for neural stimulation.  Therefore, the electrochemical 
performance with the application of a pulsed voltage or current, i.e., a dynamic state, is 
important for practical application.  In the current-controlled stimulation, the CIC was 
used as a performance indicator.  The transient response of the electrode potential with the 
pulsed current that was used for retinal stimulation was measured to evaluate the CICs of 
the fabricated electrodes.  The CIC can be determined from the maximum injectable current 
without exceeding the potential window of IrOx, i.e., from −0.65 to 0.8 V.  Similar to the case 
described in Sect. 2.2.1., a three-electrode configuration and PBS were used for the evaluation.  
A controlled biphasic pulse current generated by an electric stimulator with a stimulus isolator 
(SEN-3401 and SS-203J, Nihon Kohden Corporation) was applied between the fabricated 
electrode and the counter electrode.  A charge-balanced anodic-first biphasic pulse with a pulse 

Fig. 5.	 (Color online) CSC vs electrode area. The 
plotted CSCs are average values. Error bars show the 
standard deviations of the CSCs.  The dashed line 
shows the linear fit to the plot.  The inset shows a 
magnified plot of small electrode area.

Fig. 6.	 (Color online) CSC vs electrode perimeter.  
length. The plotted CSCs are average values.  Error 
bars show the standard deviations of the CSCs.  The 
dashed line shows the exponential fit to the plot. 
The inset shows a magnified plot of small perimeter 
length.
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duration of 500 µs, an interpulse duration of 30 µs, and a repetition frequency of 1 Hz were 
used for the CIC evaluation.  The potential of the fabricated electrode versus the reference 
electrode was measured using an electrochemical analyzer (PGSTAT204, Metrohm Autolab B.V.) 
as an electrometer.  
	 The CIC evaluation of the fabricated electrodes was performed by averaging the values for at 
least three electrodes with the same geometry.  The CIC is plotted versus the electrode area and 
electrode perimeter length in Figs. 7 and 8, respectively.  By performing an approximate curve 
fitting, the CIC was found to be linearly related to the electrode perimeter length.  However, it 
was found to be exponentially related to the electrode area (the exponent is approximately 3/4) 
rather than linearly related.  The data indicate that the CIC was more sensitive to the electrode 
perimeter length than to the electrode area.  Although further discussion is required to clarify 
the mechanism underlying this phenomenon, one possibility is that in the CIC measurement, 
which used a stimulus pulse as in practical application, high-speed charge injection was 
required at the interface between the electrode and the electrolyte because the stimulus pulse 
had high-frequency components.  In some cases, an electrochemical reaction is rate-limited 
by the diffusional supply of ions in the electrolyte.  Thus, charge injection becomes dominant 
because ions are supplied sufficiently at the edge of the electrode by diffusion compared with 
the center region of the electrode.
	 Here, we focused on the unit-area performance of the electrode.  In the case of the IrOx 
electrode, which had an equivalent or smaller geometry than the diffusion layer of the 
electrolyte, the CIC per unit area increased owing to sufficient transport of ions.(17)  Figure 
9 shows the CIC per unit area versus the electrode area.  Most of the fabricated electrodes, 
except for the electrodes with electrode area around 0.25 mm2, were in the performance range 
of 100–200 nC/mm2.  Although some of the small electrodes showed high CIC values per 
unit area, no clear trend of the improvement of CIC per unit area in accordance with electrode 
miniaturization was observed.  The area of the electrodes used in this study was over 10 times 

Fig. 7.	 (Color online) CIC vs electrode area. The 
CIC values are average values.  Error bars show the 
standard deviations of the CICs.  The dashed line 
shows the exponential fit to the plot.

Fig. 8.	 (Color online) CIC vs electrode perimeter 
length.  The CIC values are average values.  Error 
bars show the standard deviations of the CICs.  The 
dashed line shows the linear fit to the plot.
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larger than the electrode area used by Slavcheva et al.(16)  Shape dependence may become clear 
with electrode areas less than 0.1 mm2, which is a topic of future study.

3.	 Evaluation of Three-dimensionalized Effect

	 In our previous work, we fabricated three-dimensionalized electrodes using Au stud bumps 
as the core structure of the electrodes.(14)  The electrodes were successfully developed and 
showed enhanced electrochemical performance.  For retinal prostheses, miniaturization of the 
stimulus electrodes is required to achieve high resolution, but the miniaturization of stud bumps 
is unrealistic.  Therefore, we proposed another approach that is suitable for miniaturization by 
photolithography in order to form a three-dimensional core structure.  In this section, two types 
of three-dimensionalized electrodes fabricated by the proposed approach are discussed on the 
basis of the electrochemical evaluation.

3.1	 Fabrication of electrodes

	 Photolithography is suitable for microfabrication in batch processes with high relative 
accuracy.  To achieve the proposed fabrication of a three-dimensional structure by 
photolithography, two types of three-dimensionalized electrodes with epoxy resin (permanent 
photoresist) cores were fabricated to evaluate the three-dimensionalized effect.  The first 
type was a monoblock electrode with a cuboidal morphology (400 × 400 × 70 µm3) in a 500 
× 500 µm2 electrode window.  The second type was a multibump electrode with a 5 × 5 array 
of bumps (50 × 50 × 10 µm3) in the electrode window.  A planar electrode with the same 
dimensions in the electrode window was also fabricated.  The surfaces of these electrodes 
comprised IrOx.  A planar Pt electrode was also fabricated as a reference.
	 Three-dimensionalized electrodes were fabricated by the process shown in Fig. 10.  A Si 
substrate with a thermal SiO2 layer was used, as described in Sect. 2.  First, three-dimensional 
cores of epoxy resin were formed on the substrate by photolithography, as shown in Fig. 10(b).  
SU-8 3050 (MicroChem) was used for the monoblock electrodes and SU-8 3010 (MicroChem) 

Fig. 9.	 (Color online) CIC per unit area vs electrode area.  The CIC values are average values.  Error bars show 
standard deviations of the CICs.  Inset shows magnified plot of small electrode area.
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was used for the multibump electrodes.  Ti/IrOx was then deposited on the substrate with a 
three-dimensional structure.  The deposition and sputtering parameters were the same as those 
used in the fabrication process described in Sect. 2.1.  Finally, the electrode window was formed 
on the substrate by coating with SU-8 3010.  Figure 11(a) shows a scanning electron microscopy 
(SEM) image of the monoblock electrode and Fig. 11(b) shows SEM images of the multibump 
electrode.

3.2	 Electrochemical evaluation

	 The fabricated electrodes were evaluated in a manner similar to that used for the planar 
electrodes described in Sect. 2.2.  The CSC and CIC values were measured and the mechanism 
underlying the three-dimensionalized effect is discussed below.

3.2.1	 CSC

	 The CSCs of the fabricated electrodes were evaluated using the same configuration and 
parameters as listed in Sect. 2.2.1.  The geometric surface areas of the three-dimensionalized 
electrodes were calculated as per the designed dimensions while neglecting any error from the 
fabrication process.  As shown in Fig. 12, the relationship between the geometric surface area 
and the CSC of the IrOx electrodes was proportional, irrespective of the electrode morphology, 
i.e., planar or three-dimensional.  This property is similar to the shape dependence described in 
Sect. 2.2.1.  Although ion diffusion and the electric field can be considered nonuniform at the 
edges compared with at the center of the three-dimensional structure, the edge effect did not 
significantly affect the CSC.  

3.2.2	 CIC

	 The CICs of the fabricated electrodes measured with an anodic-first (AF) biphasic pulse and 
a cathodic-first (CF) biphasic pulse were evaluated as described in Sect. 2.2.2.  The results are 
shown in Fig. 13(a) for the AF pulse and in Fig. 13(b) for the CF pulse.  The dashed lines in Fig. 

Fig. 10.	 (Color online) Process of fabricating three-dimensionalized electrode.

(a) (b)

(c) (d)
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13 are proportionality lines based on the planar IrOx electrode.  When the CICs of the three-
dimensionalized electrodes were proportional to the geometric surface area, the measured CICs 
could be plotted on the dashed line.  However, the CICs of the three-dimensionalized electrodes 
were much larger than those expected from a proportional relation to the geometric surface 

Fig. 12.	 CSC of fabricated electrodes.  Error bars show the standard deviations.  The dashed line shows 
proportional fitting.

Fig. 13.	 CIC of fabricated electrodes.  CIC for AF pulses is shown in (a) and CIC for CF pulses is shown in (b).   
Error bars show the standard deviations.  The dashed lines show the proportionality based on the planar IrOx 
electrode.

(a) (b)

Fig. 11.	 SEM images of three-dimensionalized electrodes.  (a) Monoblock and (b) 5 × 5 multibump electrodes.  
The inset shows the magnified SEM image of a single bump. 

(a) (b)
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area.  These results mean that the three-dimensionalized electrodes had a CIC enhancement 
effect derived from both the expansion of the geometric surface area and another mechanism.  
Other types of three-dimensionalized electrodes should be fabricated and evaluated to enable 
further detailed discussion.  One possible reason for CIC enhancement effect of the three-
dimensionalized electrode might be that the CIC behavior was the same as that of the planar 
electrodes discussed in Sect. 2.2.2.  The ion supply by diffusion in the electrolyte became highly 
efficient on the convex morphology of the three-dimensional structure.  

4.	 Conclusions

	 The mechanism underlying the electrochemical performance of an IrOx electrode intended 
for retinal prosthesis was discussed.  Planar IrOx electrodes with various geometries were 
fabricated.  The CSC was found to be dominantly determined by the electrode area.  However, 
the perimeter length strongly affected the CIC.  No significant dependence on the electrode 
geometry was confirmed.  Three-dimensionalized electrodes with a core structure fabricated 
by photolithography were proposed.  The fabricated electrodes showed CIC enhancement that 
exceeded the surface area expansion because of three-dimensionalization.
	 The fundamental mechanism underlying the electrochemical performance was elucidated 
in this study.  The obtained knowledge could be utilized to optimize electrode design to 
achieve maximum performance, even in miniaturized electrodes.  Although electrodes on the 
micrometer, sub-micrometer, and nanometer scale were not evaluated in this study, as they are 
a topic for further study, their performance might be of interest to investigate because the edge 
effect and nonuniform diffusion of ions was prominent for electrodes with geometries on those 
scales.
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