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ABSTRACT OF THE THESIS 

ELECTRICALLY ACTIVE MICROARRAY OF 3D CARBON 

MEMS ELECTRODES FOR PATHOGEN DETECTION 

SYSTEMS 

by 

Jiae Shin 

Master of Science in Mechanical Engineering 

San Diego State University, 2008 

 

The ability to isolate and concentrate pathogens (bacteria, virus, etc), biomolecules 

and any sub-micron particle is critical to many biomedical applications, including diagnosis 

for cancer and infectious disease (SARS, deadly flu strains, STD, etc). Conventional two-

dimensional active microarrays have been used with success for the manipulation of 

biomolecules including DNA. However they have a major drawback of inability to process 

relatively ‘large-volume’ samples useful in oncology and infectious disease applications. 

This thesis presents an active microarray that exploits electrokinetic (electrophoresis and 

dielectrophoresis) forces for its hybridization method using 3D carbon electrodes that will 

enable the large volume manipulation for pathogen detection. Carbon electrodes are 

fabricated using C-MEMS (Carbon MEMS) technology that is emerging as a very exciting 

research area nowadays since carbon materials have fascinating physical, chemical, 

mechanical and electrical properties and it also provides the advantage of low cost. The chip 

fabricated using C-MEMS technology will be packaged and the efficiency of separation and 

accumulation of the 3D electrodes on the chip will be tested by manipulating negatively 

charged polycarboxylate 2 m beads in 50 mM histidine buffer. 
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CHAPTER 1 

INTRODUCTION 

MEMS (Microelectromechanical Systems) technology has grown at a tremendous 

pace yielding numerous research- and industry-related benefits. MEMS technology has been 

utilized in various fields such as RF electronics, optical display systems, pressure sensors, 

accelerometers and life sciences etc [1]. Among many of its applications in life sciences, 

MEMS technology has been used successfully in microarrays that are used for gene 

sequencing, drug discovery, criminology, as well as the focus of this thesis: pathogen 

detection [2].  

The importance of efficient pathogen detection is amply illustrated by current events.  

In 2006, an extensive outbreak of E. coli infection sickened over 200 people in 26 states, and 

forced the recall and disposal of spinach products nationwide (Figure 1.1). According to the 

Centers for Disease Control and Prevention (CDC), the outbreak caused 31 cases of 

Hemolytic Uremic Syndrome (HUS), over 100 hospitalizations, and three deaths [3]. 

Had this pathogen been detected before the tainted spinach entered the nation’s food 

supply, the severity of this episode might have been attenuated, if not averted altogether. 

Conversely, later detection of the pathogen involved could have led to a greater crisis. This 

incident shows how critical timely pathogen detection is to public health. The threat of bio-

terrorism—an ever-present concern since the 9/11 terror attacks—provides another example 

of the importance of efficient pathogen detection. Bio-terrorism involves the use of fatal 

pathogens (bacteria, viruses, genetically engineered agents or other disease-causing 

organisms) as weapons of war. The fear engendered by the 2001 anthrax letters, for example, 

remains vivid in the nation’s memory. Yet the impact of bio-terrorism was well-known even 

before 9/11, as illustrated by the 1994-1995 sarin nerve gas attacks, which caused hundreds 

of casualties in Tokyo and Matsumoto. The lesson of both of these episodes is clear: 

successful biological attacks can cause severe disruptions to societies and economies, and 

result in thousands—potentially millions—of deaths (Table 1.1). 
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Figure 1.1 Illustration of E. coli outbreak in 26 states in the U.S. (2006) [3]. 

Table 1.1 Goals of biological weapon use [4] 

 

 Inciting panic and fear 

 Paralyzing the nation 

 Overwhelming medical services 

 Causing severe economic damage 

 Causing illness or death 

 Gaining a military advantage 

 Attraction attention 
 

  

Among various pathogen detection methods such as culturing, immuno-assay or 

optical biosensor detection methods [11-12], this thesis emphasizes microarray-based 

pathogen detection method that involves the use of microarray whose underlying principle is 

hybridization. Conventional hybridization (i.e. passive hybridization) is solely governed by 

diffusion [27] and this method is quite time consuming compared to active hybridization, 
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which utilizes electric fields exploiting electrophoresis or dielectrophoresis. Heller et al. have 

developed DNA chip devices which are able to produce almost any desired electric field 

configuration on the surface of the chip to transport charged molecules (DNA, RNA, proteins, 

etc.) via active hybridization [5]. Kassegne et al. have numerically demonstrated the 

superiority of active hybridization in their research [6]. 

In this thesis, C-MEMS (Carbon MEMS) technology [7] that is a new manufacturing 

method for fabrication of precision engineered micro and nano scale carbon structures is used 

to fabricate 3D carbon electrode microarray. Carbon-based materials exhibit excellent 

physical, chemical, mechanical, and electrical properties and also compatible with inorganic 

and biological systems [7], hence it renders a good reason to utilize carbon materials in bio-

MEMS. C-MEMS also provides the benefit of low cost since it has no need for expensive 

equipment or processes to fabricate the specific structures. In C-MEMS technology that was 

utilized in this thesis, photoresist is patterned by photolithography to give microfabricated 

SU-8 structures and subsequently pyrolyzed in the oxygen free furnace to yield high-aspect-

ratio and very high-surface-area carbon electrodes [8]. The advantage of using photoresist as 

the starting material for carbon electrodes is that photoresists can be patterned by 

photolithography techniques resulting in much finer features. Photoresists are used 

extensively in the integrated circuits industry. They are very controlled and reproducible in 

their behaviors, hence the carbon materials produced by pyrolyzing these photoresists 

constitute a potentially reliable carbon source. Photoresist-derived carbon electrodes show 

excellent electrochemical kinetics comparable to that of glassy carbon for selected 

electrochemical reactions in aqueous and non-aqueous electrolytes [8]. 

Further, 3D electrode array is introduced to microarray due to its superiority over 

conventional 2D electrodes for pathogen detection system. The major drawbacks in current 

miniaturized pathogen detection systems that utilize conventional 2D planar electrodes are 

the large threshold for detection (often a million cells/mL) and the large wash waste. These 

problems can be improved by utilizing 3D electrodes that will provide high-volume and 

high-efficiency of collection.  

Dr. Kassegne’s MEMS Lab at San Diego State University has been working on the 

production of portable lab-on-a-chip system [9] for pathogen detection. The steps of lab-on-

a-chip for pathogen detection are; sample preparation, trapping, lysing, concentration, and 
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detection. For trapping and lysing mechanism, A. Teeter (2006) and S. Patel (2006) have 

already contributed with their FETch chip and LYSE chip. Also V. Patel (2007) and B. 

Nguyen (2007) recently worked on MHD micropump for transporting analytes and their 

contents. S. Wang (2007) also contributed to concentration step with his research utilizing 

electrophoresis. The aim of this research is to produce and report a high-volume (1.0 mL) 3D 

electrode active microarray system to achieve high-efficiency trapping that will eventually 

contribute to the enhancement of trapping mechanism in lab-on-a-chip system that the SDSU 

MEMS Research Group is developing. 

 

 
Figure 1.2 SDSU MEMS Lab research plan for the production of portable lab-on-a-

chip for pathogen detection 

 

The use of carbon electrodes of larger electrochemical windows for “large-volume” 

samples differentiates microarray system of the SDSU MEMS Research Group from other 

3D electrode microarray systems that have been reported earlier and is the first of its kind for 
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pathogen detection usage.  

This thesis is organized as follows; Chapter 1: Introduction, Chapter 2: Literature 

survey, Chapter 3: Physics of microarray-based pathogen detection system, Chpater 4: 

Design and microfabrication of 3D Carbon MEMS electrode microarray, Chapter 5: 

Packaging and experimentation, Chapter 6: Conclusion. 
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CHAPTER 2 

LITERATURE SURVEY 

Conventional techniques of biochemical processes used in pathogen detection are 

laborious, time-consuming, and expensive. However, miniaturization in instrumental analysis 

of bio-chemicals renders a number of advantages, such as (i) shorter time for analysis (ii) 

reduced amount of sample volumes and agents (iii) the preparation and use of systems 

capable of integration and automation. Advances in MEMS fabrication technology allows for 

the cheap production of miniaturized biological or chemical analysis systems. The usage of 

microarrays and microfluidics in the field is a good example of utilization of miniaturization 

of biochemical analysis instruments that was entailed by the advances in MEMS fabrication 

technology. Their miniaturized size fits for lab-on-a-chip system [9] that performs laboratory 

operations on small scale on a single chip and results in the advantage of portability of lab-

on-a-chip device that can be used for pathogen detection. This chapter reviews the DNA-

based pathogen detection mechanism since the emphasis of this thesis is placed on the design, 

fabrication and performance test of 3D C-MEMS microelectrodes array that will be used in 

microarray-based pathogen detection system. Literature review of microarray, 3D electrode, 

and C-MEMS technology will be also provided here. 

 

2.1 PATHOGEN DETECTION 

 

Pathogen detection plays an important role in many fields such as bio-defense (to 

discover pathogen agents), animal health care (to control and develop treatments of diseases 

of animals), food safety, diagnostics (to detect or identify infectious agents, toxins, parasites, 

metabolic disorders, and genetic susceptibility/resistance), pathology, criminal research, 

forensics, and drug discovery etc [10].  

Conventional pathogen detection methods that rely on microbiological culturing 

followed by isolation and biochemical identification began around 100 years ago and are 

well established, reliable, and predominently used [11]. In clinical microbiology approaches, 
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cultured samples that have pathogens are first present to the host cells and infect them 

causing the physiological changes. Detection occurs by detecting those visible changes by 

light microscopy [12]. However, this conventional technique has a number of drawbacks 

such as prolong assay times, the requirement of intensive-labor, and the inability to culture 

certain pathogens [13]. Moreover, since they do not directly characterized virulence factors, 

the needed information about the potential pathogenicity or virulence of the identified 

organisms cannot be obtained. Also, they are very poor at managing large numbers of 

environmental or clinical samples [2, 10] 

Immuno-assay technique is another pathogen detection technique that is widely used 

[14]. Antibodies are produced in laboratory animals against a specific invading antigen and 

they bind to a target antigen followed by the detection of the antigen-antibody complex (by 

measuring concentration of antibody or antigen) [15]. However, this has an additional 

drawback of the requirement for special chemical consumables that add considerably to the 

logistic burden and costs other than the long response time. These can increase operational 

costs by hundreds of dollars per hour. 

Optical detection method utilizes “optical biosensor” that uses light to detect the 

presence of a target organism or molecule and it intrinsically results in real-time bio-

detection. The sensor is made of a small piece of optical fiber – a clear, solid, plastic material 

that transmits light through its core [16]. The fiber is coated with a type of molecule called an 

antibody that will later bind to a target antigen. The antigen-antibody complex emits 

fluorescent light that is measured by a laser detector. Optical biosensor coupled with antibody 

technologies has been available to military and civil defense organizations for a number of 

years. However, the common drawback of this type of sensor is the lack of specificity. The 

sensors mostly offer a generic detection capability at best, since the optical similarity of the 

target particles with benign, naturally occurring backgrounds makes them difficult to 

distinguish [13]. 

 

DNA-Based Pathogen Detection Mechanism  

 

Compared to conventional time-consuming and laborious pathogen detection methods, 

DNA-based pathogen detection methods (QPCR-based or microarray-based detection 

methods) provide the benefits of short assay time and specificity and its use derives from the 
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premise that each species of pathogens carries its own unique DNA or RNA signature that 

differentiates it from other organisms. Therefore, the development of this DNA signature for 

each microorganism of interest is directly related to rapid and specific detection. Advances in 

DNA sequencing technology of entire microbial genomes offer new opportunities to analyze 

and understand microorganism at the molecular level and make DNA-based pathogen 

detection more feasible and attractive. Scientists are able to detect pathogens in biological 

tissues and study variations that are critical in designing novel approaches for microbial 

pathogen detection and drug development in gene expression in response to the pathogen 

invasion. And identification of certain microbial pathogens is key issue in developing new 

treatments and prevention strategies for diseases [13]. 

 

PCR-, QPCR-, and Microarray-Based Pathogen Detection  

 

Efforts to overcome problems like culturing of microorganisms, false positives and 

causative agent in conventional pathogen detection have led to the development of DNA-

based diagnostic methods such as polymerase chain reaction (PCR) amplification techniques  

developed in 1983 by K. Mullis [13, 17]. For PCR, short, very specific sequences of DNA 

called the forward and reverse primers are selected from the DNA sequence of the target 

genome. These primers are what allow the PCR process to make copies of or "amplify" the 

isolated target DNA. As PCR amplification proceeds, copies of the target DNA sequences 

accumulate. PCR technology, as practiced before 1997, had great ability to multiply the 

specific isolated DNA sequences, but it can not quantify the number of accumulated copies 

accurately due to the contamination caused by previously copied DNA and primer-dimers 

thus limiting its use in many applications [18]. Among the various PCR strategies available, 

those based on monitoring the amplification reaction in real time are probably the most 

promising and are increasingly used for rapid, sensitive, and specific detection of microbes. 

In 1997 Applied Biosystems, Inc. (Fostercity, CA) announced the release of a new instrument 

called the Sequence Detector, which provided a very accurate way to count the accumulated 

PCR copies [19]. This measurement was accomplished by adding a fluorescently labeled 

species-specific DNA sequence, called the "probe" into the PCR amplification. This new 

process is called Quantitative PCR or QPCR [20]. QPCR technique is capable of 

amplification and detection of a DNA sample from a single bio-agent cell within 30 minutes 
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while conventional PCR technique requires at least two hours, followed by gel 

electrophoresis analysis, which could take three to four hours [21]. Knowing the pathogen 

nucleic acid sequence enables scientists to construct oligos to detect the pathogen. However, 

QPCR method has limitation in complex biological situations, such as diseases where many 

different viruses are present due to its difficulty in designing compatible multiplex primer 

sets [22].  

Compared to QPCR pathogen detection method, microarray-based pathogen detection 

method has intriguing advantage of high capacity of data generation thanks to the utilization 

of microarray [23]. The advantage of microarray-based detection is that it can combine 

powerful nucleic acid amplification strategies with the massive screening capability of 

microarray technology, resulting in a high level of sensitivity, specificity, and throughput [13]. 

Microarrays are plastic, glass or silicon chips often used for gene expression and contain an 

array of single-stranded DNA segments known as probes immobilized onto their surface to 

which a complementary DNA or RNA binds [24]. Detection occurs when the complementary 

base pair hybridizes with tagged probes. Since microarrays have a high capacity for data 

generation, and can probe between 20,000 to 40,000 genes in a single experiment [25], 

researchers are able to explore genes and pathogen and overcome the limitation of QPCR-

based pathogen detection.  

A number of researches have been done in relation to microarray-based pathogen 

detection. Wilson et al. developed the Multi-Pathogen Identification (MPID) microarray that 

detects eighteen different pathogenic viruses, prokaryotes, and eukaryotes. In their research, 

they amplified unique regions of DNA from each microorganism that acted as genetic 

signatures, and then used the microarray to detect the absence or presence of pathogen-

specific signatures. [26] 

Chen et al. developed, optimized and validated a DNA microarray-based test for rapid 

and simultaneous detection of Salmonella, Campylobacter, E. coli and L. monocytogenes in 

food samples [27]. Maynard et al. also developed a small-oligonucleotide microarry 

prototype with probes specific for pathogens that are usually encountered in wastewaters. 

The efficacy of microarray they fabricated was validated in their experiments [28]. Chandler 

et al. applied automated immunomagnetic separation coupled with PCR amplification and 

microarray (60 planar probe sites on it) hybridization for detection of E. Coli O157:H7 from 
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poultry carcass rinse [29]. Quinones et al. developed oligonucleotide arrays based on 

housekeeping and virulence genes for detection of Campylobacter jejuni, Campylobacter coli, 

Salmonella Typhimurium, E. Coli O157: H7 and Listeria monocytogenes. The pathogen 

specific oligonucleotide array proved to be effective in detection and genotyping of 

Campylobacter from naturally contaminated poultry product in their research [30]. Panicker 

et al. developed an assay involving a combination of multiplex PCR and DNA microarray 

hybridization for detection of pathogenic Vibrio spp. in shellfish. Application of this 

methology to natural oysters revealed the presence of V. vulnificus and V. parahaemolyticus 

[31]. Wang et al. utilized microarray in conjunction with PCR amplification strategy for the 

detection of multiple viral pathogens in human respiratory specimens in their research to 

obviate the limitation of conventional QPCR method [22]. 

 

2.2 MICROARRAY 

 

2.2.1 DNA Microarray 

 

Among many of applications of microarray, the most commonly used application is 

gene expression analysis. In the 1990s, new technology called DNA microarray (also 

commonly known as gene or genome chip, DNA chip or gene array), a collection of 

microscopic DNA spots, representing single genes, arrayed on a solid surface by covalent 

attachment to chemically suitable matrices [32] was developed by Affymetrix Inc.. Before 

1990s, it was hard to obtain the “whole picture” of gene function with very limited 

throughput [33] since traditional methods in molecular biology worked on a “one gene in one 

experiment” basis. DNA microarray provided the means to analyze patterns of gene 

expression at different time points in a living cell [34] and enabled researchers and scientists 

to monitor whole genome on a single chip so that they can have better picture of the 

interactions among thousands of genes simultaneously with abundant database of over 

40,000 gene sequences that can be used for gene sequencing [35]. 

There are a number of companies shown in Table 2.1 in DNA microarray market 

nowadays. Among those companies, Affymetrix (Santa Clara, CA), the developer of the 

Genechip
TM

 microarray, is the leader in the market and also well-known for its fabrication 
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method of using lithographic techniques to directly synthesize targeted probes onto quartz 

wafer [36]. The fabrication of Genechip
TM

 starts with 5 inch quartz wafer and masks are used 

to fix oligonucleotide of 25 bases in length on the chip.  

Another dominant microarray company, Nanogen developed active microarrays [2] 

that utilized electokinetic force for the transport and accumulation of DNA molecules [37]. 

Nonogen’s Nanochip has positively biased microelectrodes array that attracts negatively 

charged target DNA and is fabricated using photolithography techniques. 

 

Table 2.1 Companies in microarry market [24] 

Name of microarray 

company 

Location Brief introduction of the 

company 

Affymetrix Santa Clara, CA Developer of GeneChip
TM 

Nanogen San Diego, CA Developer of Nanochip 

Illumina San Diego, CA Maker of self-assembled 

arrays of beads 

ACLARA Bio Sciences Mountain View, CA Specializes in microfluidics 

chips for biochemical 

process 

Caliper Technologies Mountain View, CA Maker of LabChip 

Gamera Bioscience Medford, MA Maker of LabCD syserm 

Genetix Ltd. (UK company)  Specilizes in microarrays 

with 16-pin microarraying 

head 

Agilent Santa Clara, CA Specializes in jet probe-

attachment system for cDNA 

microarrays 

Incyte Microarray Systems Fremont, CA A maker of gene expression 

microarrays 

Vysis Downers Grove, IL Maker of GenoSensor  

 

2.2.2 Hybridization  

 

The underlying principle of DNA microarray is base-pairing (i.e. A-T and G-C for 

DNA) or hybridization. Conventional nucleic acid hybridization, which is “passive 

hybridization”, relies on the slow diffusion and association kinetics of a nucleic acid target 

molecule suspended in a fluid and a second molecule (probe) that can be suspended in the 

fluid or fixed at a surface contacted by the fluid [38]. Passive hybridization have the 
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advantage of being simple and easy to use, however, it has a drawback of long incubation 

time to achieve efficient hybridization [25] since it is solely governed by diffusion [39] and 

carried out under conditions where the reaction rates and stringency conditions are controlled 

by target DNA concentration, temperature and/or salt concentration of the solutions and 

washes. Affymetrix’s GeneChip utilizes passive hybridization and typically 16-hour 

incubation with the sample and the probe is necessary to achieve good hybridization 

reactions in GeneChip [25]. 

However, active hybridization utilizes electrokinetic forces (electrophoresis or 

dielectrophoresis) and electrokinetic force facilitates (i) the rapid transport and selective 

addressing of DNA probes to any position or test site on the array surface; (ii) the 

acceleration of the basic hybridization process; and (iii) the rapid discrimination of single 

base mismatches in target DNA sequences. Active hybridization allows many of the 

limitations of the passive hybridization processes to be overcome and can significantly 

improve the performance of DNA hybridization for many genomic and DNA diagnostic 

applications [6]. Nanogen’s Nanochip utilizes active hybridization whose primary means of 

transport is electrophoresis of DNA molecules. Nanogen has shown that active hybridization 

can reduce the long assay times seen in passive hybridization approaches. It was shown that 

the rate of hybridization could be shortened to minutes as opposed to hours by concentrating 

DNA on the chip by electrophoretic means [24]. 

 

 
Figure 2.1 Illustration of DNA transport and hybridization on active 

electrophoretic DNA chip [6]. 

 

Heller et al. developed DNA chip devices that utilize active hybridization for 
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multiplex DNA hybridization, various genomic researches, and DNA diagnostic applications.  

The devices have been designed and fabricated with 25, 100, 400, and 10000 microlocations,   

which are microelectrodes. Each electrode has an individual wire interconnect through which 

current and voltage are applied and regulated. These devices were able to produce almost any 

desired electric field configuration on their surface and it enabled charged molecules such as 

DNA, RNA, proteins enzymes, antibodies, nanobeads, and even micron scale semiconductor 

devices to be electrophoretically transported to or from any microlocation on the planar 

surface of the device. The target nucleic acid sequences, which are negatively charged, are 

transported, concentrated, and hybridized to desired test sites by biasing electrodes positively 

while “electronic stringency”, which repels unhybridized DNA molecules, is achieved by 

biasing the test sites negatively [5]. 

 

 

 
Figure 2.2 Nanogen’s active microelectronic DNA chip devices. 10 x 10 

array with 100 microlocation test sites and high density device with 10,000 

microlocation test sites [5]. 

 

Heller et al. also presented the key role of permeation layer and the composition of 

the transport and hybridization buffers. Generally, the permeation layer is 1~10 micron thick 

coating of a hydro-gel (agarose or polyacrylamide) and protects the sensitive DNA 
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hybridization reactions from the adverse electrochemical effects which occur on the actual 

microelectrode surface during active operation. To ensure the rapid electrophoretic transport 

of DNA and its subsequent hybridization, special buffer species, which can have low 

conductivity state, should be utilized. Histidine has been found to be particularly effective for 

electronic hybridization. Histidine in its zwitterionic form at near-neutral pH has a very low 

conductivity, stabilizes DNA hybridization, and still provides relatively good buffering 

capacity [5]. 

Kassegne et al. utilized active hybridization in their simulations and experiments of 

ring electrode chip in a cylindrical flow cell [6]. The results from finite element analysis, 

experiment and analytical model confirmed the superiority of active hybridization to passive 

hybridization in the aspect of DNA accumulation and reduction in hybridization time. Their 

work also contributed to provide a basis for optimizing the DNA accumulation time with 

respect to the number of electrodes and the targeted detection limits. 

 

2.3 3-DIMENSIONAL ELECTRODE 
 

Microarrays that utilize active hybridization are called “active microarrays” [6]. In 

active microarray, microelectrode plays a significant role as a test site where target DNA 

hybridizes with probe. Conventional active microarray that utilizes two-dimensional planar 

electrodes has been used with success for the manipulation of bio-molecules including DNA. 

However, it has a major drawback of inability to process relatively ‘large-volume’ samples 

that was entailed by the wash-away of biosamples in the z-direction [40]. Also the electric 

field of 2D planar electrode decays exponentially as the distance from the electrode increases 

[41]; therefore it is hard to achieve efficient high-volume trapping using 2D planar electrode. 

Compared to 2D planar electrode, 3D electrode with high-aspect-ratio [42] has increased 

surface area and traps more bio-molecules in the z-axis [40] since it provides uniform electric 

field along the z-axis. These advantages of 3D electrode eventually increase the sensitivity of 

active microarray. 

Honda et al. microfabricated 3D comb electrode with the height of 28 µm and 

compared the performance of the electrochemical reaction of 3D electrode to that of the 2D 

electrode that has the same specifications of length (1800 µm with 20 µm spacing) and width 

(10 µm). For the fabrication of 2D planar electrodes, positive photoresist (OFPR-800, 30cp, 
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Tokyo Ohka Kogyo Co.) was spin-coated onto Pyrex glass substrate and patterned with a 

photomask. Then chromium (50 nm) and gold (100 nm) layers were deposited onto the resist 

patterned substrate and the metal-coated resist was removed by using the “lift off” technique. 

For 3D electrodes, 30 µm thick negative photoresist (PMER N-CA3000PM, Tokyo Ohka 

Kogyo Co.) was used. Patterned photoresist was developed and the resist mold for 

electrodeposition was made. Nickel (Ni) was deposited to the resist mold and the photoresist 

was removed by a stripper (Clean Strip MF, Tokyo Ohka Kogyo Co.). Au was deposited onto 

the Ni surface using the electroless deposition method and Ag/AgCl reference electrode was 

made by depositing Ag onto the area for the reference electrode [40]. 

 

 
Figure 2.3 Comparison of 2D and 3D comb electrodes electrochemical 

detector [40]. 

 

 
Figure 2.4 3D comb electrodes fabricated by Honda et al. [40]. 
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Figure 2.5 Cyclic voltammogram or 2D and 3D electrode and trap ratio 

comparison [40]. 

 

As shown in the Figure 2.5, on application of 0.5V versus Ag/AgCl, the output 

current of the 3D electrodes was eight times larger than that of the 2D electrodes and the trap 

ratio (defined as the value of cathodic current divided by anodic current at 0.5 V) improved 

to 98 % using 3D electrode instead of 2D electrode (62 %). And this means the efficiency of 

the electrochemical reaction between the anode and the cathode electrodes was enhanced to 

98 % from 62 % by utilizing 3D electrodes. The trap ratio efficiency increased because 

generated redox species was trapped at the surface of the 3D electrodes. Therefore diffusion 

in the z-direction is negligible [40].  

Lu et al. also demonstrated the characterization of the electric field generated by 

electrodes with 2D Au/Cr electrode and 3D copper electrode. The electric field generated by 

2D electrode decays exponentially as the distance from the electrode increases. However, for 

3D electrodes, the electric field does not decay much over the height even though there exists 

some variation near the top and bottom of the electrodes due to edge effect. And this results 

in improved lysing percentage for 3D electrodes (30 %) compared to planar electrode (8 %) 

in their cell lysis experiment [41]. 
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Tay et al. presented the advantage of utilizing 3D electrodes in DEP 

(dielectrophoresis) devices both in simulations and experiments [43-46]. Looking at 

conventional DEP devices that utilize 2D electrodes, DEP force decays exponentially with 

the increase of distance from the electrode surface. Therefore, for bio-particles far from the 

electrode surface, the DEP force is very weak, hence making trapping of particles difficult, as 

such most of the particles washed away, resulting in low trapping efficiency. However, 3D 

electrode provides the uniform DEP force and it results in good trapping efficiency. One 

method to increase the DEP force acting on the particle is to increase the voltage, but 

increase in voltage can result in an increase of temperature in the microfluidics channel, 

which is called Joule heating effect [43].  

For active microarrays that deal with bio-samples such as DNA, cells, bacteria, virus 

etc. utilizing electric field, Joule heating should be considered to prevent the destruction of 

bio-samples. High electric field during the experiment will generate a large power density in 

the fluid surrounding the electrode, especially in the area near the edge of the electrode. 

Given the small volume, this could give rise to a large temperature increase so-called Joule 

heating in the medium under experiment. Joule heating can be ignored if the conductivity is 

low. However, for biological applications using conventional 2D electrodes, usually high 

conductivity buffers must be used and it can easily experience the temperature increase of 

100 °C, which can destroy biological samples. Tay et al. presented that the maximum change 

in temperature for device utilized 3D electrode is only 10 °C which is 8-10 times lower than 

the temperature change in the device that uses 2D electrode when given the same condition 

[43]. Since both DEP force and temperature rise are proportional with V
2
 (V: voltage), 

devices that can provide the same DEP force with lower voltage are required. Tay et al. 

showed that 3D electrode enabled the devices to meet the requirement in their research [43].  

Iliescu et al. validated that 3D electrode presents an increased DEP force in the 

vertical direction compared to 2D planar electrode. As a result, the same trapping effect can 

be achieved at a lower voltage with a reduced heating of solution. In their research, they 

reported a DEP device where one electrode was planar and the other one was extruded to 

obtain gradient of the electric field that trapped the particles near the planar electrode [44]. 

Iliescu et al. also proposed a bidirectional field-flow separation method with 3D electrode 

array utilizing DEP force [47]. 
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2.4 CARBON MEMS 
 

The groups of Honda et al., Lu et al., Tay et al., and Iliescu et al. fabricated 3D 

electrodes using either metal or silicon [40-41, 43-47]. Unlike the 3D electrodes those groups 

fabricated, the electrode utilized in this thesis was fabricated with carbon material obtained 

by C-MEMS technology.  

C-MEMS technology is emerging as a new fabrication technique and utilizes the 

excellent properties of carbon-based materials enabling conventional MEMS devices to meet 

the technological and economic needs in MEMS devices. Carbon is the fourth most abundant 

element in the universe and the essential building block of most organic life. Its allotropes 

such as graphite, diamond, glassy carbon, amorphous carbon etc. [48] have been used in 

various fields already, especially in life science applications due to its biocompatibility. 

Carbon-based materials exhibit unique physical, chemical, mechanical, and electrical 

properties: (i) compatible with inorganic and biological systems (ii) good thermal 

conductivity (iii) super-low friction (iv) chemical stability [7, 49]. 

C-MEMS technology manufactures carbon devices by treating a pre-patterned 

organic structure to high temperatures in an inert or reducing environment. It has been shown 

recently that 3D high-aspect-ratio carbon structures can be made from patterned thick SU-8 

negative photoresist (Microchem, Newton, MA) layers [7]. SU-8 photoresist is a high 

transparency UV photoresist that enables creation of high-aspect-ratio structures using 

traditional UV photolithography. Carbon structures are fabricated by the pyrolysis of photo-

patterned positive resists (such as AZ-4620) and negative photoresists (such as SU-8) on 

silicon and fused silica wafers. Pyrolysis is carried out in a closed ceramic tube furnace in 

vacuum or a forming gas (95 % N2 and 5 % H2) atmosphere at about 1000 °C [8, 50].  

Wang et al. presented a new type of 3D microbatteries based on three dimensional 

microstructures fabricated utilizing photoresist-derived C-MEMS technology and also 

showed that the electric field distribution is strongly influenced by the biasing pattern and the 

geometry of the electrode themselves in their simulation results [51-54]. 

This thesis also utilized photoresist-derived C-MEMS technology and carbon 

electrode posts based on the pyrolysis of patterned photoresist were obtained in collaboration 

with Dr. Madou's group at the University of California, Irvine.  
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CHAPTER 3 

PHYSICS OF MICROARRAY-BASED PATHOGEN 

DETECTION SYSTEM 

This thesis utilizes active microarray that exploits electrokinetic force for pathogen 

detection. Two major electrokinetic forces that can be used in active microarray are 

electrophoretic force and dielectrophoretic force. It is important to understand the physics of 

electrophoresis and dielectrophoresis to achieve desired functions (simple accumulation or 

separation) in active microarray. Also microarray in biological applications always deals with 

samples in liquid form. Therefore, microarrays and microfluidics are very closely linked and 

these two should be considered together to develop an efficient system for biological 

application.  

 

3.1 ELECTROPHORESIS AND DIELECTROPHORESIS 

 

Electrophoresis and dielectrophoresis are utilized as hybridization method in active 

microarray. The major difference between electrophoresis and dielectrophoresis is the usage 

of charged particles and non charged particles. Experiments to test the efficacy of 3D carbon 

electrode are conducted based upon electrophoresis in this thesis. 

 

3.1.1 Electrophoresis 

 

Electrophoresis is the movement of electrically charged particles in electric field and 

it is due to the Coulomb force. 

Fe = the Coulomb force, q = the charge carried by the body, E = electric field [55] 

                                 Fe = q E                           (Eq. 3.1) 

The resulting electrophoretic migration is countered by forces of friction such that the 

rate of migration is constant in a constant and homogeneous electric field: 
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Ff = v f                             (Eq. 3.2) 

Where v is the velocity and f is the frictional coefficient.  

q E = v f                            (Eq. 3.3) 

The electrophoretic mobility μ is defined as followed. 

µ = 
E

v
 =

f

q
                           (Eq. 3.4) 

Therefore, velocity v can be redefined as followed 

v= µ E                              (Eq. 3.5) 

The expression above applied only to ions at a concentration approaching 0 and in a 

non-conductive solvent. Poly-ionic molecules are surrounded by a cloud of counter ions that 

alter the effective electric field applied on the ions to be separated. This renders the previous 

expression a poor approximation of what really happens in an electrophoretic apparatus.  

In molecular biology, gel electrophoresis is induced since proteins, DNA, or RNA are 

usually loaded and manipulated on a gel and separated on the basis of their electrophoretic 

mobility. In most cases, the gel is a crosslinked polymer whose composition and porosity is 

chosen based on the weight and composition of the target of the analysis. When separating 

proteins or small nucleic acids (DNA, RNA, or oligonucleotides), the gel is usually made 

with different concentrations of acrylamide and a cross-linker producing different sized mesh 

networks of polyacrylamide. When separating larger nucleic acids (greater than a few 

hundred bases), the preferred matrix is purified agarose (a component of agar which is a red 

seaweed extract). In both cases, the gel forms a solid but porous matrix that looks and feels 

like clear Jell-O. Acrylamide, in contrast to polyacrylamide, is a neurotoxin and needs to be 

handled using Good Laboratory Practices (GLP) to avoid poisoning. In gel electrophoresis, 

the molecules will move through the matrix at different rates, towards the anode if 

negatively charged or towards the cathode if positively charged (note that gel electrophoresis 

operates as an electrolytic cell; the anode is positive and the cathode is negative) by placing 

the molecules in wells in the gel and applying an electric current [56]. The development of 

gel electrophoresis which uses electricity to separate DNA fragments by size as they migrate 

through a gel matrix made the separation of DNA fragments and other bio molecules so 

much easier compared to the early days’ laborious DNA seperation by gravity [57]. 
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Figure 3.1 Schematic diagram of gel electrophoresis [58-59]. 

 

In capillary electrophoresis [60], samples are fed into a thin capillary tube, 10 µm to 

300 µm in diameter and approximately 50 cm long, with an applied electric field of up to 

1,200 V/cm [61]. Higher electric fields can be used since the small capillaries efficiently 

dissipate the heat that is produced. Increase in electric field achieves efficient separations and 

reduces separation times. Due to electroosmotic flow, all sample components migrate 

towards the negative electrode [62]. Capillary electrophoresis allows higher resolution, 

greater sensitivity, and on-line detection compared to conventional gel electrophoresis. 

 

 
Figure 3.2 Schematic of capillary electrophoresis [62]. 
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3.1.2 Dielectrophoresis 

 

Dielectrophoresis is the translational motion of neutral matter caused by polarization 

effects in a non-uniform electric field [44-47, 62-63]. This force does not require the particle 

to be charged unlike electrophoresis. All particles exhibit dielectrophoretic activity in the 

presence of electric fields. The strength of the force depends strongly on the electrical 

properties of medium and particles, on the shape and size of particles, as well as on the 

frequency of the electric field. Hence, fields of a particular frequency can manipulate 

particles with great selectivity. This allows the separation of cell or DNA or the orientation 

and manipulation of nano-particles. The phenomenological bases of dielectrophoresis are 

[64]: 

1. The dielectrophoresis force can be seen only when particles are in the non uniform 

electric fields 

2. Since the dielectrophoresis force does not depend on the polarity of the electric field, 

thus the phenomenon can be observed ether with AC or DC excitation 

3. Particles are attracted to regions of stronger electric field when their permittivity 

exceeds that of the suspension medium (positive DEP) [45] 

4. When permittivity of medium is greater than that of particles, this results in motion 

of particles to lesser electric field (negative DEP) [45] 

5. DEP is most readily observed for particles with diameters ranging from 

approximately 1 to 1000 µm. Above 1000 µm gravity, and below 1 µm Brownian 

motion, overwhelm the DEP forces  

 

 

 
 

Figure 3.2 Schematic diagram of dielectrophoresis [65]. 



 

 

23 

3.2 MICROFLUIDICS  

 

Microarrays in biological applications deal with samples in liquid form and require 

efficient sample handling to achieve proper hybridization. Therefore, the marriage of 

microfluics with microarrys is inevitable to achieve the optimized, highly selective system 

[66-67]. 

Microfluidics is the science of designing, manufacturing, and formulating devices and 

processes that deals with the behavior, precise control and manipulation of micro liter and 

nano-liter volumes of fluids. The devices themselves have dimensions ranging from 

millimeters down to micrometers. Basically microfluidics devices are developed as a way to 

decrease the cost of reagents and the time involved in experiments [68].  

Microfluidic devices can be used to obtain measurements like molecular diffusion 

coefficients, fluid viscosity, pH, and enzyme reaction kinetics, capillary electrophoresis, 

immunoassays, sample injection of proteins for analysis via mass spectrometry, PCR 

amplification, DNA analysis, cell manipulation, cell separation, cell patterning and chemical 

gradient formation. [69] 

The behavior of fluids at the micro scale shows huge difference in the factors such as 

surface tension, energy dissipation, and fluidic resistance start to dominate the system. For 

instance, the Reynolds number, which characterizes the presence of turbulent flow, is 

extremely low, thus the flow will remain laminar. Therefore, unlike the fluids at the macro-

scale, two fluids will mix via diffusion alone, not via turbulence. Other than biological 

analysis, microfluidics also has applications in chemical analysis, drug synthesis, drug 

delivery, point-of-use synthesis of hazardous chemicals, and detection of pathogens [1]. 

In microfluidics, there are two common methods by which fluid actuation through 

microchannels can be achieved, i.e. pressure and electrokinetics. In pressure driven flow, the 

fluid is pumped through the device via positive displacement pumps such as syringe pumps. 

One of the basic lasws of fluid mechanics for pressure driven laminar flow states that the 

fluid velocity at the walls must be zero (no-slip boundary condition). Pressure driven flow is 

relatively inexpensive and quite reproducible approach to pumping fluids through 

microdevices. In electrokinetic flow, electric fields are used to pump fluids. There are two 

types of electrokinetic flows that are electro-osmosis and electrophoresis. In electro-osmosis 
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flow, if the walls of a microchannel have an electric charge, an electric double layer of 

counter ions will form at the walls. When the electric field is applied across the channel, the 

ions in the double layer move towards the electrode of opposite polarity. This creates motion 

of the fluid near the walls and transfers via viscous forces into convective motion of the bulk 

fluid. Unlike electro-osmosis flow, electrophoresis involves no bulk flow. Only charged 

particles alone move towards electrodes of opposite polarity. For instance, DNA is typically 

attracted towards anode since DNA is negatively charged [1, 69]. 

Micropumps and valves are important components for fluids control in microfluidic 

devices. Micropupms play a role in delivering fluidic sample to targeted location and they are 

divided into two types i.e. valved and valvelesss. For valved type, there are piezoelectric 

micropumps, thermo pneumatic, and electrostatic micropumps. Electro hydrodynamic 

micopupmps, diffuser micropumps, electroosmotic micropumps, and bubble micropumps 

belong to valveless micropumps. Microvalves are used for sample injection and flow switch 

in microfluidics and usually combined with micropumps. Among many types of vavles (such 

as piezoelectric valve, electrochemical valve, and thermally activated valve), bubble gate 

valve that utilizes electrokinetically generated bubbles for its actuation is the most well-

known valve type in microfluidic devices [68].  

 

 
Figure 3.3 An example of microfluidics device [70]. 
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CHAPTER 4 

DESIGN AND MICROFABRICATION OF 3D 

CARBON MEMS ELECTRODE MICROARRAY 

This chapter discusses the design of 3D C-MEMS electrode microarray and its 

microfabrication process. First the design starts with active microarray design of electrodes 

that uses electric field for the migration and accumulation of biosamples to achieve fast 

hybridization. Secondly, three dimensional electrodes (with a height of 200 µm) design is 

introduced instead of planar electrode design for efficient trapping. Lastly, C-MEMS 

technology is utilized for the microfabrication of 3D electrode microarray since carbon 

materials have attractive properties for design of electrodes such as mechanical durability, 

electrical conductivity, chemical stability and it also enables to achieve high-aspect-ratio 

features with cheap cost [7]. The 3D photoresist-derived carbon electrodes with a height of 

200 µm are obtained by using conventional photolithography followed by pyrolysis. Due to 

the shrinkage while pyrolysis [50], photoresist layer for the electrode posts was spin-coated 

with a thickness of 220 µm initially to obtain final height of 200 µm.  

 

4.1 CHIP DESIGN USING CAD 

  

Three microarray designs that were drawn by CAD are presented in this thesis. First 3 

x 3 design that has 9 test sites was designed and it was the simplest among three designs. To 

increase the number of test sties that is related to work efficiency, 5 x 5 and 10 x 10 designs 

that have a bit more complicated layouts were also designed. As the number of test sites 

increases, it became more difficult to achieve efficient traces layout that connects the 

electrodes with bump pads. Each electrode of 3 x 3 and 5 x 5 microarray is connected to 

individual bump pad so that it can be biased individually. However, 10 x 10 microarray 

groups 5 of electrodes together due to the complexity of traces layout as it can be seen in 

Figure 4.1 (c). All the electrodes, bump pads, and traces are located on the same surface. The 

isolation of the electrodes site from the bump pads will be achieved through proper 

packaging as elaborated in Chapter 5. The die size of each design is 1 cm by 1 cm and the 
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size of bump pads that surround electrodes site and will be used to bias the electrodes is 1 

mm by 1 mm. Two types of electrode shapes are used i.e. circular-shaped electrode and 

diamond-shaped electrode. The electric fields generated at the edge of diamond-shaped 

electrodes are expected to be higher than the ones of circular-shaped electrodes. Both the 

diameter of each circular-shaped electrode and the width of diamond-shaped electrode are 

150 µm and the spacing between center to center of each electrode is 350 µm. The width of 

traces that connect the electrodes and the bump pads is 75 µm. 

 

 
(a) 3 x 3C microarray design 

 

 
(b) 5 x 5C microarray design 
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(c) 10 x 10C microarray design 

Figure 4.1 Sketch of each microarray design with dimensions of electrode 

(150 µm), trace (75 µm), and bump pad (1 mm x 1 mm). 

 

4.2 CHIP POPULATION AND MASK DESIGN  
 

Three basic microarray designs and three other alternate designs that have diamond-

shaped electrodes with a width of 150 µm were arranged on 4 inch (100 mm) silicon wafer. 

Each design is placed in the middle section of the substrate first and then the rest of the area 

is filled with each design again.  

After chip population, the mask CAD file built using Autocad is sent to the printing 

company (CAD Art Services, Inc., Bandon, OR) to fabricate transparent film mask that will 

be used for photolithography. Two masks are needed in the 3D carbon electrode microarray 

fabrication process. The first mask is used for the electrical connections between electrodes 

and bump pads and second mask is needed for electrode posts.  
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Figure 4.2 Schematic diagram of chip population (A1: 3 x 3C, A2: 3 x 3D, 

B1: 5 x 5C, B2: 5 x 5D, C1: 10 x 10C, C2: 10 x 10D, C: Circular shaped electrode, D: 

Diamond shaped electrode). 

 

 

Figure 4.3 Mask 1 for electrical connections. 

 

 
Figure 4.4 Mask 2 for high-aspect-ratio electrode. 
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The SU-8 used for electrical layer and electrode posts layer in this thesis is negative 

photoresist. Therefore white areas appeared on the masks (Figure 4.3 and Figure 4.4) will be 

cross-linked after they are exposed to UV light and remain after SU-8 development process. 

Since two masks are used, alignment marks are crucial for the mask alignment. Eight 

white rectangles at each mask (Figure 4.3 and Figure 4.4) contain alignment marks shown 

below (Figure 4.5).  

 

 
Top 

   
Bottom 

    
                         Left                   Right 

Figure 4.5 Sketch of alignment marks for mask alignment. 
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4.3 CHIP FABRICATION PROCESS 
 

C-MEMS technology is utilized for the microfabrication process since carbon 

materials have attractive properties for design of electrodes that have mechanical durability, 

electrical conductivity, and chemical stability [7, 49]. It also enables to achieve high-aspect-

ratio features with cheap cost.  

The 3D carbon MEMS electrode microarrays were fabricated using the facility at 

UCI-INRF in collaboration with Madou’s Research Group (Genis). 3D carbon MEMS 

electrode microarray fabrication starts with a clean (100) silicon wafer which has 0.5 m 

thick silicon dioxide layer for the insulation (Figure 4.7).  

 

 
Figure 4.6 Schematic diagram of CMEMS process [71]. 
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Figure 4.7 Clean wafer with 0.5 m oxide layer washed with acetone. 

 

The clean wafer is then spin-coated 10 µm thickness using SU-8 10 for 35 seconds at 

3000 rpm and goes through the soft-bake process for 7 minutes at 95 °C in the oven.  

 

 
Figure 4.8 Spinner used for spin-coating (made by Laurell technologies). 

 

 
Figure 4.9 Wafer spin-coated with SU-8 10 with a thickness of 10 µm. 
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Figure 4.10 Oven used for soft-bake process (made by BLUE M). 

 

Soft-baked wafer is then exposed to UV light using first mask on top of it with the 

energy of 300 mJ/cm
2
. Among three different exposure modes (contact, proximity, or 

projection mode), proximity mode was utilized here. In proximity lithography, the mask does 

not touch the wafer. The mask is placed and fixed on top of the glass and the bottom of glass 

contacts with the wafer seen in Figure 4.12.  

 

 
Figure 4.11 UV light machine made by Oriel. 
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Figure 4.12 UV exposure process in proximity mode. 

 

For the reasonable cross-link, the wafer undergoes PEB (Post Expose Bake) process 

for 4 minutes at 95 °C on the leveled hot plate. After 10-minute cooling off, the wafer is 

developed by using SU-8 developer (Figure 4.13) and then rinsed off by isopropanol to get 

rid of the residues. 

 

 
Figure 4.13 Developing process using SU-8 developer. 
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Figure 4.14 Electrical connection patterned wafer after the first 

lithography. 

 

The processes above are for the electrical connections between electrodes and bump 

pads. Similar processes should be done to give electrodes high-aspect-ratio structures. The 

wafer shown in Figure 4.14 is spin-coated again using SU-8 100 (more viscous than SU-8 

10) for 35 seconds at 1600 rpm with a thickness of 220 µm (Figure 4.15). 

 

 
Figure 4.15 Wafer after the second spin-coat. 

 

SU-8 100 spin-coated wafer is then soft-baked for 1.5 hours at 95 °C on the leveled 

hot plate (Figure 4.19). After 1.5 hour long soft-bake, second lithography is followed. This 

time mask aligner is needed for both alignment of the wafer and second mask and UV 

exposure (Figure 4.16). Alignment marks play a very significant role for the alignment. The 

second mask is placed in the left drawer (Figure 4.17) and the wafer is placed in the front 



 

 

35 

middle drawer. Alignment is carried out by matching the alignment marks on the mask with 

the ones pattered on the wafer (Figure 4.18). Once alignment is done, the wafer is exposed in 

the UV light with the energy of 700 mJ/cm
2
. 

 

 
Figure 4.16 Karl Suss MA6 Mask Aligner (MA6-BSA) used for both mask 

alignment and UV exposure at second lithography. 

 

 
Figure 4.17 Mask placed in the left drawer (mask alignment I). 
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Figure 4.18 Alignment marks matching process (mask alignment process 

II). 

 

The wafer goes through 20-minute PEB @ 95 °C on the hot plate (Figure 4.19) and 

then is developed for 30 minutes (Figure 4.20). 

 
Figure 4.19 Leveled hot plate (95 °C) used for PEB (Courtesy of Madou’s 

Lab at UCI). 
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Figure 4.20 Second developing process for 30 minutes. 

 

 
Figure 4.21 Completed wafer before pyrolysis. 

 

The pictures of each chip design shown in Figure 4.22 were taken before pyrolysis 

using electronic microscope (5x magnification) and show that electrical layer and electrode 

posts layer are well-aligned. Thick-lined circles are where alignment was occurred. 
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3 x 3C chip 

 
5 x 5C chip 

 
10 x 10C chip 

Figure 4.22 Electronic microscope pictures with 5x magnification of each 

chip design before pyrolysis. 

 

The next step is pyrolyzing the wafer in the furnace (Figure 4.23) following the 

heating schedule (Figure 4.24). Heating schedule has multi steps to prevent the peel-off 

phenomenon during pyrolysis. Since pyrolysis is decomposition of organic materials by 
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heating in the absence of oxygen, nitrogen gas flow is provided along the pyrolysis process to 

prevent the presence of oxygen. Pyrolysis process is carried out for about 10 hours. 

 

 
Figure 4.23 High temperature vacuum/inert gas atmosphere furnace 

made by RD Webb Company. 

 

 

Figure 4.24 Heating programmer and multi-step heating schedule for the 

prevention of peel-off during pyrolysis. 

  

SEM (scanning electron microscope) pictures of each chip design were also taken 

after pyrolysis. A scratch is shown in the 3 x 3C microarray chip and a dust debris is shown 

in the 5 x 5C chip in the figure. 

 

Temperature Time 

20 °C 90 min. 

700 °C 90 min. 

900 °C 60 min. 

1000 °C 60 min. 

1000 °C 60 min. 

900 °C 90 min. 

700 °C 90 min. 

20 °C  
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3 x 3C chip 

 
5 x 5C chip 

 
10 x 10C chip 

Figure 4.25 SEM pictures of each chip design after pyrolysis. 

 

Summarized C-MEMS fabrication process and the comparison of 3D electrode 

microarray of Dr. Kasssegne’s group and Dr. Tay’s group are provided in Table 4.1 and Table 

4.2 respectively. 
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Table 4.1 Carbon MEMS microfabrication process 

Process Equipment Chemical 

used 

Thickness Note 

Clean wafer  -Acetone/ 

methanol 

  

Grow oxide -Oven  -0.5 µm  

First lithography 

-Spin-coating 

-Soft-bake 

-UV exposure 

 

-PEB 

 

-Develop 

 

-Spinner 

-Oven 

-UV exposure 

machine 

-Leveled hot 

plate 

-Wet bench 

 

-SU-8 10 

 

 

 

 

 

-SU-8 

developer 

/Isopropanol 

 

-10 µm 

 

-35 sec. @ 3000 rpm 

-7 min. @ 95 °C 

-Use Mask1/ with the 

energy of 300 mJ/cm
2
 

-4 min. @ 95 °C 

 

 

Second lithography 

-Spin-coating 

-Sofe-bake 

-Alignment & UV 

exposure 

-PEB 

 

-Develop  

 

-Spinner 

-Oven 

-Mask aligner 

 

-Leveled hot 

plate 

-Wet bench 

 

SU-8 100 

 

 

 

 

 

-SU-8 

developer 

/Isopropanol 

 

-220 µm 

 

- 35 sec. @ 1600 rpm 

- 1.5 h @ 95 °C 

-Use Mask2/ with the 

enery of 700 mJ/cm
2 

-20 min. @ 95 °C 

 

-30 min.  

Pyrolysis Furnace Nitrogen gas  Pyrolyze according to 

Heating schedule 
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Table 4.2 Comparison of 3D C-MEMS electrodes (current research) with silicon-based 

3D electrodes 

 Dr. Kassegne’s microarray Dr. Tay’s microarray 

 

 

Material-wise 

Carbon was selected for both 

electrical connections and electrode 

posts structures. 

Carbon-based materials exhibit 

excellent physical, chemical, 

mechanical, and electrical properties 

and also compatible with inorganic 

and biological systems 

Heavily doped silicon wafer (200 µm) 

was used for electrodes. 

Cr/Au (50 nm/ 1 µm) layer for the 

electrical connection. 

 

 

Process-wise 

2 lithographies and 1 pyrolysis to 

achieve electrical connections and 

high-aspect-ratio  carbon electrode 

structures 

simple and cheap 

Anodic bonding+ DRIE + SU8 

bonding + glass thinning + via holes 

etching + metalization 

 

Complicated and expensive 

 

 

Design-wise 

Each electrode can be controlled 

individually since it is connected to 

the bump pads individually (3 x 3 & 

5 x 5) 

10 x 10: grouped electrodes also can 

be biased individually since each 

group was connected to individual 

bump pad. 

Only two bump pads. 
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CHAPTER 5  

PACKAGING AND EXPERIMENTATION 

5.1 PACKAGING 
 

Packaging for closed cell electrophoresis consists of three parts, i.e. top case, bottom 

case and PDMS (Polydimethylsiloxane) pressure seal. PDMS pressure seal that isolates 

electrode sites from the bump pads was designed to prevent the accumulation at the bump 

pads. PDMS pressure seal goes into the indent that is located at the bottom of top case as 

seen in Figure 5.1 (b) and the top case is connected to the chip mount bottom case by two 

screws seen in Figure 5.3. The overall dimension of top case and bottom case is 70 mm x 40 

mm x 6 mm and 70 mm x 40 mm x 8 mm each. In Figure 5.1 (c), the diameter of electrodes 

window and reservoir is 5.5 mm and 12.7 mm and the width of bump pads window and 

channel is 1.5 mm and 2.5 mm respectively.  

 

 
(a) Top view of top case 
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(b) Bottom view of top case 

 
(c) PDMS pressure seal mold 

 
(d) Bottom chip mount case 

Figure 5.1 SolidWorks packaging design files.  

 

These SolidWorks files are saved as parasolid files and then imported into Master 

Cam so that toolpaths for machining these parts can be written. Then the parts are CNC 

(Computer Numerical Control) machined using CNC machine at the machine shop of ME 
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department of SDSU shown in Figure 5.2.  

 

 
Figure 5.2 CNC machining process of packaging set at the machine shop 

of ME department of SDSU. 

 

 

 
Figure 5.3 Packaging set (top case, PDMS pressure seal, and bottom case). 
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Figure 5.4 Assembled packaging set. 

 

The packaging design could isolate the bump pads from the electrode sites but it 

resulted in poor electrical access due to narrow bump pads window design. In the future work, 

the electrical access problem can be solved by either modifying the layout of the bump pads 

in the design step or modifying the package design.  

 

5.2 EXPERIMENTATION 
 

Experimentation was carried out both in open-cell and closed-cell electrophoresis 

using 3 x 3, 5 x 5, and 10 x 10 microarray chips on the probe station (made by Signatone) 

shown in the Figure 5.5. In this experiment, negatively charged 2 µm polycarboxylate beads 

purchased from Ploysciences, Inc. were used in 50 mM histidine buffer at the ratio of 4 µL: 4 

mL for both open-cell and closed-cell electrophoresis. DC power was supplied by triple 

output power supply made by Hewlet Packard. Optical observation was made through a 19-

inch LCD monitor (made by Samsung) attached to the probe station. 
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Figure 5.5 Probe station set up for the electrophoresis experimentation. 

 

5.2.1 Open-cell electrophoresis 
 

For open-cell electrophoresis the chip was placed on the open channel mount and 

each needle from probe arms directly touched the bump pad. When the bump pads were 

biased, we could see the beads accumulating along the positively biased electrodes and traces 

seen in Figure 5.8 (b) and also at the bump pads since bump pads are also made of same 

material with electrodes and traces (Figure 5.9). 

 

 
 Figure 5.6 Open-cell electrophoresis set up. 
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Figure 5.7 Needle touching the bump pad directly. 

 

 
(a)  

 
(b) 

Figure 5.8 Beads accumulation in 10 x 10C chip open-cell electrophoresis 

(a) before voltage application (b) after voltage application of 5 V. 
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Figure 5.9 Beads accumulation at the bump pad. 

 

 CLOSED-CELL ELECTROPHORESIS 
 

For closed-cell electrophoresis 3 x 3 C&D and 10 x 10 C&D designs were used and 

the bump pads were biased as a group unlike open-cell electrophoresis. First the bump pads 

of each chip were covered with conductive silver paste for electrical access (Figure 5.10) and 

then chip mounted bottom case and the top case that has PDMS pressure seal in its indent 

were connected by two screws. Assembled package is located on the probe station and two 

needles from the probe arms directly touched the silver paste (Figure 5.11). One needle is 

positively biased and the other is negatively biased. 

 

 
Figure 5.10 Silver pasted chip on the chip mount. 
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Figure 5.11 Closed-cell electrophoresis package on the probe station. 

 

Before the voltage (DC) application, the beads were in random Brownian motion. 

When the voltage reached 4-5 V, the beads started to migrate towards the positively biased 

electrodes and accumulated seen in Figure 5.13 and Figure 5.14 and bubbling also started. As 

the voltage went higher (above 5 V), bubbling hindered the observation very badly and 

electrodes started to peel off from the substrate (Figure 5.15). Also the formation of dark, 

cloudy materials was observed when the voltage application reached about 20 V seen in 

Figure 5.16. Edax (using Hitachi S2700 with PGT Xray EDS detector of EM facility at 

SDSU) analysis was conducted to analyze those dark, cloudy materials. The Edax spectrum 

shows three peaks that are C (carbon) peak, Si (silicon) peak and Ag (silver) peak. It can be 

assumed that those cloudy, dark materials are produced by a chemical reaction of C from 

carbon electrodes, Si from silicon wafer and Ag from silver paste covering the bump pads for 

the electrical access. The result also shows that the silver paste was leaked into the electrodes 

site.  

 

  
Figure 5.12 3 x 3C and 10 x 10C chips before voltage application. 
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Figure 5.13 Beads accumulation on 3 x 3C and 3 x 3D chips. 
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Figure 5.14 Beads accumulation on 10 x 10D and 10 x 10C chips. 

 

 
Figure 5.15 SEM picture of peeled off carbon electrodes and traces when 

higher voltage (above 5 V) was applied. 
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(a) The formation of dark, cloudy material 

 
(b) Edax electron image 

 
(c) Edax spectrum 

Figure 5.16 Edax analysis of dark, cloudy material produced while 

applying high voltage (20 V). 
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5.3 FINITE ELEMENT SIMULATIONS 
 

Finite element simulations were carried out for 3 x 3C and 10 x 10C chips using 

FEMLAB 3.3 (developed by Comsol. Burlington, MA). The simulations were conducted 

both in 2D and 3D conductive media domain. For 3D domain simulation, traces were not 

present due to its complexity of boundary condition settings and needs for huge memory 

while meshing the design. There were several assumptions made for FEMLAB simulation. 

The conductivity of carbon electrode and 50mM histidine buffer was approximated to be 

4.56x10
6
 S/m and 0.006 S/m respectively. All other materials that were not biased were 

assumed to be electrically insulated. Also 5 V and -5V was applied to anode and cathode.  

There is slight difference between 2D and 3D analysis. For 3 x 3C microarray chip, 

the location where the highest electric field is generated in 2D analysis is different from the 

one in 3D analysis due to the presence of traces inside the electrodes site (Figure 5.17 (c) & 

(d)). In 2D analysis, the highest electric field is generated at the bent edge of the trace while 

3D analysis shows the highest electric field at the edge of the electrode located in the middle 

and the middle electrode in the first column from the left. 

For 10 x 10C microarray chip, there is slight difference in the plot of electric 

potentials; however, the contour of electric field is almost the same in 2D and 3D analysis. 

The strongest electric field is generated at the edges of the electrodes that are located 

between the fifth and sixth rows of electrodes from the top seen in Figure 5.18. The 

simulation results of electric field and experiment results of beads accumulation are 

compared in Table 5.1. The simulation results for 3 x 3C and 10 x 10C microarray chip 

qualitatively match with the experimental result seen in Table 5.1. 
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(a) Plot of electric potentials for 3 x 3C microarray chip with traces using 2D analysis 

 
(b) Plot of electric potentials for 3 x 3C microarray chip without traces using 3D analysis 

 
(c) Contour of electric field plot for 3 x 3C microarray chip with traces using 2D analysis 

 
(d) Contour of electric field plot for 3 x 3C microarray chip without traces using 3D analysis 

Figure 5.17 3 x 3C microarray FEMLAB simulation. 
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(a) Plot of electric potentials for 10 x 10C microarray chip with traces using 2D analysis 

 
(b) Plot of electric potentials for 10 x 10C microarray chip without traces using 3D analysis 

 
(c) Contour of electric field plot for 10 x 10C microarray chip with traces using 2D analysis 

 
(d) Contour of electric field plot for 10 x 10C microarray chip without traces using 3D 

analysis 

Figure 5.18 10 x 10C microarray FEMLAB simulation. 
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Table 5.1 Comparison of simulation result with experiment result 

 Simulation result 

Electric field 

Experiment result 

Beads accumulation 

 

 

 

 

 

 

 

 

 

 

3 x 3C 

 

 
2D analysis 

 
3D analysis 

 

 

 

 
 

Experimental result 

qualitatively matched with the 

simulation result. 

 

 

 

 

 

 

 

 

 

 

10 x 10C 

 

 
2D analysis 

 
3D analysis 

 

 

 
 

Beads accumulation occurred 

as expected in the analysis 
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CHAPTER 6  

CONCLUSION 

In this thesis 3D C-MEMS electrode active microarray for pathogen detection system 

was designed, fabricated and its performance was tested utilizing electrophoresis. Unlike 

conventional diffusion dependent microarrays that have the drawback of long assay time 

(several hours), active microarrays that were utilized in this thesis provide an advantage of 

short assay time (couple of minutes) by exploiting electrokinetic force for the transport and 

hybridization of DNA, virus, cells, etc. 

Instead of conventional 2D planar electrode, high-aspect-ratio 3D electrode was 

utilized to improve the efficiency of trapping. For planar electrode, since the electric field 

decreases exponentially as the distance from the electrode increases and the particles in the z-

direction are washed away, its efficiency of trapping is poor. However, high-aspect-ratio 3D 

electrode provides uniform electric field along the z-direction and it results in better trapping 

efficiency [5, 24, 41-47]. 

Unlike other research groups’ (Tay et al., Honda et al., and Lu et al.) electrode 

materials such as silicon or metal (Table 4.2), photoresist-derived carbon that was obtained 

by C-MEMS technology that is emerging manufacturing technique and cost effective was 

used in this thesis. Carbon materials not only exhibit excellent mechanical and electrical 

properties but also have biocompatibility [7, 48]. And they can be obtained easily by 

pyrolyzing pre-patterned organic structures by conventional photolithography technique in 

oxygen-free furnace [49].  

The fabrication process underwent three big steps that were first lithography for 

electrical connections between electrodes and bump pads, second lithography to give the 

height to the electrode posts, and lastly pyrolysis to obtain conductive carbon material. The 

fabricated microarray chips were tested both in open-cell and closed-cell electrophoresis 

using negatively charged 2micron polycarboxylate beads purchased from Polysciences, Inc. 

in 50mM histidine buffer. The movement and the accumulation of the beads were observed 

as predicted by FEMLAB simulations when the voltage (around 4-5 V) was applied. When 
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the higher voltage was applied, bubbling hindered the observation badly and the electrodes 

and the traces were peeled off from the substrate. The beads accumulation was achieved in 

couple of minutes both in open-cell electrophoresis and closed-cell electrophoresis 

experiments and this proved the advantage of active microarray that utilized electric field for 

its hybridization.  

However, for closed-cell experiment, it was hard to achieve proper electrical access 

due to the narrow bump pads windows of packaging design. The improvement for better 

electrical access and further experimentations using dielectrophoresis is proposed for future 

work.  
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The ability to isolate and concentrate pathogens (bacteria, virus, etc), 

biomolecules and any sub-micron particle is critical to many biomedical applications, 

including diagnosis for cancer and infectious disease (SARS, deadly flu strains, STD, 

etc). Conventional two-dimensional active microarrays have been used with success for 

the manipulation of biomolecules including DNA. However they have a major 

drawback of inability to process relatively ‘large-volume’ samples useful in oncology 

and infectious disease applications. This thesis presents an active microarray that 

exploits electrokinetic (electrophoresis and dielectrophoresis) forces for its 

hybridization method using 3D carbon electrodes that will enable the large volume 

manipulation for pathogen detection. Carbon electrodes are fabricated using C-MEMS 

(Carbon MEMS) technology that is emerging as a very exciting research area nowadays 

since carbon materials have fascinating physical, chemical, mechanical and electrical 

properties and it also provides the advantage of low cost. The chip fabricated using C-

MEMS technology will be packaged and the efficiency of separation and accumulation 

of the 3D electrodes on the chip will be tested by manipulating negatively charged 

polycarboxylate 2 m beads in 50 mM histidine buffer. 

 

 

 


