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Abstract

We report the preparation and electrochemical characterization of massive electrochemical arrays 

containing as many as 110,000 highly uniform ultramicroelectrodes (UMEs). These arrays were 

microfabricated using conventional photolithography techniques on a gold-coated silicon chip in a 

simple three-step method. Photoresist polymer was used as an effective insulating matrix to define 

2 μm, 3 μm, and 4 μm diameter circular UMEs across a 1 × 1 mm2 area. The UME arrays are high 

uniform and contain tens of thousands of active disk-shape UMEs slightly recessed in thin films of 

photoresist. These arrays were tested with cyclic voltammetry and copper electrodeposition to 

assess the adhesion of photoresist to the gold surface as well as to examine their electrochemical 

activity. Numerical simulations were performed to further validate their electrochemical response. 

These UME arrays can be a useful platform for fundamental understanding molecular transport in 

uniform electrochemical arrays and designing highly-sensitive electroanalytical sensors.
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1. Introduction

Ultramicroelectrodes (UMEs) are key electroanalytical tools and have major advantages 

over larger electrodes in numerous fundamental and practical applications.1,2 One of the 

greatest advantages is the reduced capacitive charging current on arrays of UMEs and 

nanoelectrodes, which can be useful for designing highly sensitive electroanalytical sensors, 

as previously reported by Martin and Penner.3 As the dimension of an electrode approaches 

the thickness of the diffusion layer, one can expect to see enhanced mass transport to the 

electrode surface. As a result, UMEs reach a diffusion-limited state faster than larger 

electrodes.4,5 Faster electron transfer rates can be measured when mass transport is no 

longer limiting at very small electrodes, e.g., electrodes below 100 nm.6,7 Additionally 

UMEs have smaller capacitive and faradaic currents allowing them to be used in solutions of 
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higher resistance because of a smaller iR drop across the solution.8,9,10 At these conditions, 

a counter electrode may become unnecessary, as the currents passed are insufficient to cause 

significant potential drift on the reference electrode. Smaller capacitive currents resulting 

from a smaller electrode-solution interface permits higher scan rates, as high as 106 V/s, to 

be used in voltammetric measurements.11,12

Arrays of UMEs, when constructed carefully, have the properties associated with individual 

UMEs but generate the faradaic response of a larger electrode of the same geometric area as 

the array.13,14,15 This is important when measuring low concentrations of analyte species 

that may not produce a large enough signal with a single UME. Signal-to-noise is also 

improved in an array because faradaic current scales with the size of the array and capacitive 

current scales with electrode area.16 These useful properties of UME arrays have led to their 

extensive use for applications including the testing of biologically important molecules17,18 

and heavy metals in polluted water.19,20 Individually-addressable UME arrays are 

particularly useful for spatially and temporally monitoring electrochemically active redox 

events, such as secretion of neurotransmitters molecules from a single cell.21

Depending on the size and geometry of the UMEs, and whether or not electrodes are 

electrically connected or individually addressed, microelectrode arrays can be prepared by 

several methods. First, individually addressable UME arrays can be prepared on a glass 

micropipette probe which can be very useful to probe release of electroactive 

neurotransmitters from individual biological cells. To this end, Ewing’s group has reported 

the fabrication and use of arrays of carbon-fiber microelectrodes (CFEs) and carbon rings on 

single PC12 cells.22 His group23,24 and others25,26,27,28 have also used photolithography to 

prepare larger arrays with more uniform UMEs. Photolithography has been previously 

employed to fabricate large arrays of UMEs however this usually results in some amount of 

dead electrodes.29,30 In addition to producing dead electrodes, some of the previous 

fabrication processes can be time-consuming and often involve multiple alignment, 

deposition, and etching steps requiring a wide variety of microfabrication tools.30 Other 

methods involving printing31, and microchips32 have been used and indeed there exist many 

different fabrication methods for creating electrochemical arrays.33

Here we present a method for fabricating massive arrays of highly uniform UMEs in a 

simple three-step process. The fabrication uses photoresist polymer as the insulating matrix 

which defines the position and area of UMEs. This method results in a nearly 100% success 

rate of electrode activity after fabrication. We tested the adhesion of the photoresist to our 

gold surface by examining the capacitive current of different sized electrode arrays. The 

adhesion was also verified with electrodeposition of copper onto the electrodes. The 

electrodeposition of copper also served as a useful means to prove the electrochemical 

activity of each electrode in the array. Cyclic voltammograms (CVs) were taken and the 

peak heights compared with the empirical Randles-Ševčík equation and numerical 

simulation.
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2. Experimental Section

2.1 Chemicals and Materials

All aqueous solutions were prepared using 18.2 MΩ deionized water obtained from a 

Barnstead Nanopure water purification system. All chemicals were used as received from 

manufacturers: acetone (Mallinckrodt Baker), isopropyl alcohol (Mallinckrodt Baker), 

potassium chloride (KCl, 99%+, Fisher Scientific), ferrocene methanol (FcMeOH, 97%, 

Sigma-Aldrich), photoresist AZ1512 and developer AZ351 (AZ Corporation, developer 

diluted 1:4 AZ351:DI water), copper sulfate pentahydrate (CuSO4 · 5H2O, 98%, Sigma-

Aldrich), sulfuric acid (H2SO4, 95–98%, J. T. Baker), hydrogen peroxide (H2O2, 30%, J. T. 

Baker), gold pellets (99.999%, Kurt J. Lesker) and chromium coated tungsten rods 

(99.999%, Kurt J. Lesker).

2.2 Array Fabrication

Massive electrochemical arrays of uniform UMEs were fabricated using standard 

photolithography techniques. A 4-inch silicon wafer was coated with 100 nm thermally 

evaporated gold with a 5-nm chromium adhesion layer. Prior to spin coating, the wafer was 

placed in 110 °C piranha (4:1 H2SO4:H2O2) for 10 min, rinsed in DI water, and spin dried. 

CAUTION: piranha solution reacts violently with organic species. Piranha solution should 

be used in ventilation hood with proper personal protection and extra care. The wafer was 

then dehydrated on a hot plate at 110 °C for 60 s and then immediately spin coated with AZ 

1512 (Clariant) at 4000 rpm to a final thickness of ~1.2 μm. The photoresist-coated wafer 

was photo masked with an array pattern and exposed to 60 mJ/cm2 at 405 nm. The array 

patterns were designed in house and made in a chromium-on-quartz photo mask prepared by 

Photosciences Inc. UME arrays containing circular electrodes with diameters of 2, 3, or 4 

μm were each made with an edge-to-edge electrode spacing of 1 μm in a square 

arrangement. After fabrication, electrical contact was made to the UME array by a tungsten 

wire and silver paste and fastened with epoxy. The dimensions of each array were 1 × 1 

mm2. The 4-μm-diameter electrode arrays had 40,000 electrodes, the 3-μm-diameter 

electrode arrays had 62,500 electrodes, and the 2-μm-diameter electrode arrays had 110,889 

electrodes. UME arrays were inspected using a JEOL JSM-6400F scanning electron 

microscope (SEM) and an Olympus BX51 microscope in reflection mode.

2.3 Copper Deposition

Copper was electrochemically deposited into the electrodes of the array to evaluate the 

activity of the electrodes as well as photoresist adhesion to the gold. Copper was deposited 

from a 0.24 M CuSO4 and 1.8 M H2SO4 solution by scanning between 0 and −0.2 V using a 

copper wire as the counter electrode at a scan rate of 20 mV/s for two scans.

2.4 Cyclic Voltammetry

CVs were taken using a Pine bipotentiostat Model AFCBP1 and recorded using a homemade 

LabView (National Instruments) program. The potentiostat was interfaced to a Dell PC 

through a National Instruments 6251 DAQ card and a National Instruments BNC-2090 

breakup box. A platinum counter electrode and an Ag/AgCl reference electrode (BASi) were 

Gunderson and Zhang Page 3

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used in a three electrode setup with the array as the working electrode. All experimental CVs 

were taken in 1 mM FcMeOH with 100 mM KCl as the supporting electrolyte. A single drop 

of FcMeOH solution was placed onto the array and a platinum counter electrode and silver/

silver chloride reference electrode were positioned into the droplet. CVs were collected at 

scan rates of 50 mV/s, 100 mV/s, 200 mV/s, and 500 mV/s with solution being replaced 

between each scan.

2.5 Numerical Simulation

All simulations were performed on a 24-core workstation using COMSOL Multiphysics 

software (version 4.3a, COMSOL Inc., Burlington, MA).

3. Results and Discussion

3.1 Fabrication of Electrochemical Arrays

Massive electrochemical arrays containing up to 110,000 uniform circular gold UMEs were 

fabricated using standard photolithography techniques and the process is illustrated in 

Scheme 1. The use of silicon-based microfabrication facilities ensures that massive UME 

arrays can be batch prepared with high reproducibility and fidelity. For example, the process 

used in this work allows us to prepare >200 nearly identical UME arrays on a 4-inch silicon 

wafer. The actual diameter of the electrodes in the array is about 10% smaller than they are 

nominally. When optimizing the exposure conditions, small unwanted features were 

observed in the photoresist between adjacent electrodes that were likely generated from over 

exposure. This is explained by the close spacing of electrodes in the mask leading to 

increased exposure of the photoresist between the neighboring electrodes. The exposure 

dosage was further lowered until these unwanted features disappeared and the electrodes 

became circular, which also resulted in decreased size of the electrodes. A 1-μm electrode 

spacing was used for all the arrays fabricated in this work. However, if a new mask is 

designed with more spacing between electrodes, these inter-electrode artifacts will 

disappear. The decrease in electrode size does not cause any difference in the faradaic 

current at the scan rates used in this study due to strong overlap in the diffusion layer at 

adjacent electrodes.

Figure 1 displays SEM images of microfabricated electrochemical arrays having 4, 3, and 2 

μm electrodes (from top to bottom). The images on the right are zoom out view of the same 

arrays on the left. The SEM images in Figure 1 clearly demonstrate the exceedingly high 

uniformity of electrodes made in this work. One can see that the UMEs fabricated in each 

array have nearly identical size and shape over large areas (1 × 1 mm2). Individual gold 

UMEs are defined by a thin layer of AZ 1512 photoresist spin-coated on the gold film. The 

film thickness was around 1.2 μm which gives slightly recessed geometry to the gold 

electrodes in the array. The spacing between adjacent UMEs was 1 μm for all the arrays in 

Figure 1.

For our electrochemical experiments, it is important to ensure that the photoresist polymer 

layer adheres strongly to the gold substrate and there is no leakage current or crosstalk 

between adjacent electrodes. The AZ 1512 photoresist is a general purpose photoresist 
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designed with stability in mind and its stability is well characterized and is stable in most 

aqueous solutions. The exception to this is in extremely basic solutions (in which photoresist 

is typically developed) and in solutions of oxidizing acids. This stability can be enhanced 

through crosslinking the photoresist polymers at elevated temperatures of 120 °C or higher. 

As is shown below, our tests demonstrated that the use of AZ 1512 forms a leak free and 

stable insulating layers in the UME arrays. In fact we tested the stability of our arrays in a 

solution of 1.8 M sulfuric acid, an oxidizing acid, during the deposition of copper.

We have carried out two separate experiments to test the adhesion strength of the polymer to 

the gold surface. In the first test experiment, we deposited metal on each UME and 

microscopically checked for possible deposition at areas initially covered by photoresist. 

The use of metal deposition is an important procedure to examine electrochemical activity 

on microstructures such as graphene and carbon nanotubes.34,35 Here, we electrochemically 

deposited cupper onto gold UMEs in the array, dissolved the polymer layer, and imaged the 

resulting gold surface with SEM.

The UME arrays were examined with SEM after copper deposition and removal of the 

photoresist with acetone. Figure 2 shows an SEM of the 4 μm UME array after copper 

deposition. Copper was electrochemically deposited into the slightly recessed electrodes of 

the array from a 0.24 M CuSO4 solution containing 1.8 M H2SO4 by scanning the electrode 

potential between 0 and −0.2 V using a copper wire as the counter electrode. As one can see 

from Figure 2, copper was deposited uniformly on the electrodes covering the entire gold 

surface in the exposed areas. One can see that nanoparticles of copper were formed and 

evenly distributed on the surface of gold electrode during the electrodeposition process. 

Importantly, copper metal can only be found on the initially exposed gold but not on the 

polymer-covered areas indicating excellent adhesion property of photoresist on gold. 

Moreover, no inactive electrodes could be identified over large areas on the array. The 

copper electrodeposition demonstrates that nearly 100% of the electrodes in the array are 

active. This is important because one did not need to compensate for the inactivity of 

electrodes within the array during quantitative analysis of their electrochemical response and 

numerical simulation as every electrode that we inspected after copper electrodeposition 

contained uniform copper. The results shown in Figure 2 demonstrate that the photoresist 

indeed insulates the inter-electrode volume.

In a second experiment, we examined the capacitive charging current for the different sized 

electrode arrays to further test polymer adhesion. The capacitive charging current is 

proportional mainly to the area of electroactive surface exposed,36

[1]

where ic is the charging current, Cdl is the double layer capacitance, and ν is the 

voltammetric scan rate (mV/s). To find the fraction of electrode surface area relative to total 

array area, we divide the total area electrode area by the geometric area of the array. The 

percent of electrode area exposed is 35%, 44%, and 50% for the 2 μm, 3 μm, and 4 μm 
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electrode diameter arrays, respectively. When the uncorrected peak heights are plotted 

versus scan rate, as shown in Figure 3, the larger capacitive current for the larger exposed 

fraction arrays is apparent. In addition, the measured charging currents on these MEA arrays 

are comparable to that estimated based on their exposed area and the charging current 

measured on a 1-mm diameter gold macroelectrode in similar conditions.

3.2 Cyclic Voltammetric Response

Peak-shaped voltammograms were observed at the scan rates used because of heavily 

overlapping diffusions layers leading to a planar diffusion of redox molecules from bulk to 

the surface of the array. Peak-shaped CVs were expected considering the small spacing of 

the arrays, which is smaller than the diffusion layer thickness estimated based on the scan 

rates used in this work. For example, the diffusion thickness can be estimated according to 

the following equation,

[2]

Where δ (cm) is the thickness of the diffusion layer, D (cm2/s) is the diffusion coefficient for 

the redox molecule, and τ is the characteristic time duration of the voltammetric experiment 

and is estimated from RT/νF, where R is the gas constant, and T is temperature, and F is the 

Faraday’s constant. The estimated τ is 2.6 s assuming a scan rate of 10 mV/s and the 

estimated diffusion layer thickness is 112 μm (assuming typical diffusion coefficient of 10−5 

cm2/s and T = 298 K). Since δ = 112 μm is much greater than the 1 μm electrode spacing, 

there is significant overlapping of diffusion layer between adjacent electrodes in the array 

leading to the peak-shaped voltammetric response.

Figures 4a–c show a series of CVs taken at 4 different scan rates, 50 mV/s (yellow), 100 

mV/s (blue), 200 mV/s (green), and 500 mV/s (red), from three different arrays (a) 2 μm, (b) 

3 μm, and (c) 4 μm in 1 mM FcMeOH and 100 mM KCl. The scan rates used were in order 

from lowest to highest anodic peak current. Nearly ideal peak-shaped CVs were obtained for 

all three different arrays and the peak separations were between 65 and 70 mV for each 

array. The shape of the CV and the small peak separation both indicate excellent 

voltammetric performance and confirmed the planar diffusion resulting from strong 

diffusion overlap. Importantly, all the arrays had similar corrected peak currents (Figure 6a). 

This is expected as the geometric area of the array determines the total faradaic current 

assuming that diffusion layers overlap sufficiently. It is also noteworthy that even at an edge-

to-edge spacing of 1 μm the photoresist adheres well and we obtain the capacitive current 

expected of an array. The arrays were meticulously cleaned with piranha solution as 

previously described and care was taken to not contaminate the gold surface afterward. 

Interestingly, the peak separation became smaller at higher scan rates, suggesting stronger 

contribution from FcMeOH molecules either trapped in the shallow polymer recess or 

adsorbed to the gold electrodes. One can anticipate that the voltammetric response will 

slowly transit to a thin-layer type response when scan rate is further increased similar to that 

observed for a glass nanopore electrode.37,38
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We also compared our CV peak heights in Figures 4a–c with those predicted by the Randles-

Ševčík equation,39,40

[3]

where n is the number of electrons transferred, A is the geometric area of the electrode, C is 

the concentration of redox molecule, and with other parameters previously defined. After 

correcting for capacitive charging current, the experimental CVs agree with the Randles-

Ševčík prediction to within 5% for all arrays and scan rates. Some of this difference may be 

partly due to the use of the Randles-Ševčík equation for a disc electrode whereas our array 

geometry is square and the electrodes are slightly recessed.

3.3 Numerical Simulation

The electrochemical response of the 2 μm UME arrays was first simulated in a 2D geometry 

using the diffusion domain approximation as well as a 3D geometry. The diffusion domain 

approximation secludes each electrode in the array into its own diffusion volume.9 This 

single electrode and its volume were then simulated and the resulting voltammetric response 

was multiplied by the number of electrodes in the array. The difference in peak current 

height between the 2D and 3D simulations at all scan rates for the 2 μm simulations was less 

than 2%. All subsequent simulations were performed as 2D simulations. The 2D and 3D 

simulation geometries are shown in Figure 5.

The electrochemical reaction was modeled as a one electron oxidation of R → O + e− 

occurring at a potential of E0 = 0.23 V. Convection and migration were assumed to be 

insignificant compared to diffusion due to the presence of a large concentration of 

supporting electrolyte. The diffusion coefficient of the reduced and oxidized species of 

FcMeOH was assumed to be the same and was used as D = 6.7 × 10−6 cm2 s−1.41 The 

potential waveform was modeled as a step-wise triangle function with a starting potential of 

−0.2 V, a switching potential of 0.6 V, and a frequency that was dependent on the scan rate v. 

The simulation was run for one period of this waveform. The boundary condition at the 

electrode was

[4]

as previously described elsewhere41 where CR is the concentration of the reduced redox 

molecule, Cb is the bulk concentration, E(t) is the step-wise triangle waveform described 

previously, and other parameters were previously defined.

Side 1 in Figure 5a is the electrode with a length equal to the radius of the electrode, either 1 

μm, 1.5 μm, or 2 μm. This electrode is recessed by 1.2 μm, the thickness of the spun 
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photoresist. This recessed electrode is placed into a confined diffusion volume. Side 1 has a 

boundary condition of the time dependent concentration as described in Eq. 1. Side 2 has a 

length equal to the radius of the electrode plus half a micrometer to simulate the individual 

diffusion volume of that electrode. Side 2 has the boundary condition of bulk concentration. 

Side 3 is the axis of the symmetry and has a length equal to the recess and an additional 1 

mm to simulate the height of the drop of solution placed onto the array. All other sides in the 

2D geometry have a boundary condition of no flux. In Figure 5b the 3D geometry has a 

boundary condition at the blue top of bulk concentration. The time dependent concentration 

Eq.1 is the boundary condition at the electrode surface at the bottom of the well. All other 

sides have the boundary condition of no flux.

Figures 4d–f are simulated CVs of the arrays in 1 mM FcMeOH using a 2D geometry. One 

can see that the simulation CVs are also peak-shaped and the shape matched quite well with 

the experimental CVs. Figure 6 shows a comparison of the experimental and simulated CV 

peak currents of all the arrays in 1 mM FcMeOH and 100 mM KCl at all four scan rates. 

Simulated peak heights show excellent agreement with experiment and prediction from the 

Randles-Ševčík equation at low scan rates but fall to ~75% of the theoretical and 

experimental values at 500 mV/s which suggests a shortcoming of the simulation method. 

Since the simulated currents are below the experimental, it is possible that the difference in 

redox current is due to underestimated redox flux at the edge electrodes. However, the exact 

reasons are still being investigated.

4. Conclusion

In summary, we have demonstrated the fabrication and voltammetric characterization of 

massive electrochemical arrays containing as many as 110,000 uniform 

ultramicroelectrodes. The photolithography-based fabrication method employed in this work 

is simple, fast, and reliable. Electrode size, shape, and spacing can be systematically varied 

to generate massive electrochemical arrays with controlled geometry. All electrodes 

examined were found to be active through copper electrodeposition. Voltammetric response 

of such arrays was found to be dominated by a planar diffusion resulting from heavily 

overlapping diffusion profiles of nearly electrodes. Their CVs have peak currents that 

matched very closely with the prediction using Randles-Ševčík equation. The voltammetric 

response was further verified by numerical simulation and the simulation matched well with 

the experimental at slow scan rates. The larger difference at higher scan rates were likely due 

to increasing edge effects and the details will be investigated in the future. This method 

should prove useful in creating uniform, active, and massive arrays of microelectrodes of 

any geometry for electroanalytical studies.
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Figure 1. 
SEM images of (from top to bottom) 4, 3, and 2 μm electrodes in the arrays. The right panel 

is zoomed out from the left panel. Scale bars on the left side images are 1 μm and scale bars 

on the right side images are 10 μm.
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Figure 2. 
Copper deposited onto the UMEs of a 4-μm array. The photoresist has been stripped with 

acetone. The bottom image is zoomed out from the top image to show the uniformity of 

deposition across the array as well as electrode activity. Scale bar is 4 μm in top image and 

40 μm in bottom image.
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Figure 3. 
(Top) Uncorrected anodic peak current of the UME arrays in 1 mM FcMeOH and 100 mM 

KCl plotted against the square root of scan rate to show the additional capacitive current 

seen in arrays with a larger fraction of metal exposed. (Bottom) Illustration of the difference 

in capacitive current between a macroelectrode and an array of equivalent area.
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Figure 4. 
Experimental CVs of the (a) 2 μm, (b) 3 μm, and (c) 4 μm arrays in 1 mM FcMeOH and 100 

mM KCl. (d–f) Simulated CVs of the (d) 2 μm, (e) 3 μm, and (f) 4 μm arrays in 1 mM 

FcMeOH using a 2D geometry. The scan rates used are 50 mV/s, 100 mV/s, 200 mV/s, and 

500 mV/s in order from lowest to highest anodic peak current.
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Figure 5. 
Simulated geometries. (a) Simulated 2D geometry. Side 1 is the time dependent 

concentration equation, side 2 is the bulk concentration Cb, and side 3 is the axis of 

rotational symmetry. All other sides are insulators with no flux. Not drawn to scale (b) Core 

electrode. The top blue side is the bulk concentration Cb, the disk at the bottom of the well is 

the time dependent concentration equation, all other red sides are insulators with no flux. 

Not drawn to scale.
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Figure 6. 
(a) Experimental and (b) simulated CV peak currents of arrays in 1 mM FcMeOH and 100 

mM KCl. Scan rates are 50 mV/s, 100 mV/s, 200 mV/s, and 500 mV/s.
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Scheme 1. 
Fabrication of massive electrochemical arrays
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