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Abstract 

Electrophoresis is the migration of charged particles in a heterogeneous 

fluid under the influence of an electric field.  This project is work toward an 

electrophoretic separation system on a custom CMOS chip.  Modeling, 

fabrication, and testing of an AMI ABN 1.5 µm CMOS chip for this application is 

discussed.  The unique approach is to build the entire system using conventional 

CMOS integrated circuit technology, such that the separation area is fabricated 

on the chip with integrated control and detection circuitry.  To achieve the 

desired functionality, a novel configuration of an electrophoresis system is 

implemented.  In this system, instead of using only one electrode at each end of 

the separation area, a multitude of electrodes beneath the entire separation area 

are utilized, enabling better control of high electric fields using very small 

voltages over small areas.  Electronic circuits control the position and strength of 

the electric field to drive the separations and to simultaneously detect the 

location and concentration of samples within the separation area.  Ultimately, the 

project was successful at showing that implementing an electrophoresis system 

on standard CMOS is possible. 
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1. Introduction and Motivation  

Significant improvements in microfabrication techniques are enabling the 

design of progressively smaller chemical and biological analysis systems.  These 

types of systems are used in many applications and fields, including 

environmental analysis, medical diagnostics, chemical analysis, and 

biotechnological production [1].  The creation of miniaturized, chip-based, 

disposable systems will allow complex analytical testing in on-site, real-time 

applications, point-of-need diagnostics, remote pathogen identification and other 

non-laboratory environments [2].   

Chemical analysis systems generally involve chemical reactions, 

separations, detections, and transport.  Integration of all of these steps on a 

single microfabricated device will allow for faster analysis, smaller sample sizes, 

higher efficiency, increased portability, greater reliability, lower cost, and higher 

throughput [2-4].  In fact, the integration of all of these components onto a single 

sensor-like system has resulted in a new designation – micro total analysis 

system or µ-TAS [3].  To be a truly portable and disposable system, the device 

should not only be completely integrated, it should also have a small size, light 

weight, and low cost [2]. 

A fluid containing particles is referred to as a heterogeneous fluid.  

Electrophoresis is the migration of charged particles in a heterogeneous fluid 

under the influence of an electric field [5].  This electrokinetic phenomenon is a 

well-known chemical analysis technique for moving and separating analytes in 
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solution and is used for many applications, including for DNA sequencing for the 

Human Genome Project [6].  It can also be used for sample handling and 

separation on chips [7] and for pathogen identification by terminal restriction 

fragment length polymorphism (T-RFLP) analysis [8, 9].  The first capillary 

electrophoresis experiment using a chip-like structure was developed in 1991 [4].  

Since then, many researchers have developed electrophoresis systems on chips 

with varying fabrication techniques [10-12], injection systems [13, 14], and 

detection methods [15-17]. 

This project is work toward an electrophoretic separation system on a 

custom designed CMOS chip.  Modeling, fabrication, and testing of an AMI ABN 

1.5 µm CMOS chip for this application is discussed.  The unique approach is to 

build the entire system using conventional CMOS integrated circuit technology, 

such that the separation area is fabricated on the chip with integrated control and 

detection circuitry.  To achieve desired functionality, a novel configuration of an 

electrophoresis system is implemented.   

An electrophoresis system typically consists of two electrodes with a 

separation area between them.  A high voltage difference is applied between the 

electrodes, creating an electric field across the separation area that induces 

charged particles to move and separate based on their charge and mass.  Using 

this method, researchers are able to separate many different types of chemical 

and biological samples, such as small ions, molecules, proteins, and nucleic 

acids [18]. 
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In this project, instead of using only one electrode at each end of the 

separation area, electrodes beneath the entire separation area are utilized, 

enabling better control of high electric fields using very small voltages over small 

areas.  Fabrication in CMOS integrated circuit technology is cheap, widely 

available, and allows easy integration with electronic control circuitry.  Circuits 

control the position and strength of the electric field to drive the separations and 

to simultaneously detect the location and concentration of samples within the 

separation area.  These potential dynamic control circuits open up many 

possibilities for the use of electrophoresis – the fact that the sample can be 

actively detected during the separation allows for the possibility of changing the 

electric field to react to the progress of the separation for more efficient 

operation. 

A Potential Application 

One potential application of this project is to separate DNA strands on a 

chip, and T-RFLP is one technique that can be used to analyze DNA. Briefly, T-

RFLP is a powerful tool that allows for the identification and quantification of 

specific microorganisms within a complex microbial community.  It is a method 

of analyzing restriction endonucleases-derived fragmentation patterns, which is a 

destructive analysis where the sequences under investigation are fragmented 

during analysis.  The relative lengths of individual DNA fragments are specific for 

individual bacteria or bacterial classes.  Thus, by separating and sensing the 
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fragments, the electrophoresis chip would be able to detect and identify bacteria 

in environmental samples. 

  T-RFLP analysis has been shown to be particularly useful for high 

resolution analysis of highly complex microbial communities [19-22].  The T-

RFLP process consists of amplifying a small gene fragment (<500 bp length), 

digesting the amplicon using restriction enzymes, and separating out the 

resulting DNA fragments, as seen in Figure 1.  This technique was first used in 

1994 [23] and has seen much use over the last decade.  In 2000, T-RFLP analysis 

was adapted to capillary column format using automatic sequencers [24] and was 

eventually adapted to multi-capillary electrophoresis sequencer platforms, which 

are currently the most commonly used instruments for T-RFLP analysis [25].  

This technology has many possible applications, namely in environmental and 

defense applications where rapid pathogen identification must be performed. 
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Figure 1.  Schematic illustration of the T-FRLP process. 

 

This electrophoresis system may also prove to be appropriate for other 

separations needed for T-RFLP.  For example, environmental water samples 

often contain salts in addition to the bacterial cells of interest.  The system may 

be useful in separating microbial cells from environmental contaminants that 

might interfere with polymerase chain reaction (PCR) amplification, as needed in 

Step 1 of T-RFLP analysis (Figure 1).  Bacteria in the environmental water 

sample, such as Escherichia coli and Bacillus subtilis, could be separated from 

each other and contaminants in the water sample before the DNA is extracted.  

With some optimization of the detection technique, the electrophoresis system 

could have the ability to identify analytes as it separates them.   

Additionally, this system could be used for other applications in the many 

fields that use electrophoresis.   
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1.1. Challenges and Goals 

There are several possible challenges to achieving electrophoresis on a 

CMOS chip.  It is possible that the thin, powered electrodes on the chip will have 

an immediate and catastrophic reaction with ionic solutions on its surface.  While 

the voltages used for our design are very low, compared to other state-of-the-art 

electrophoresis systems, these voltages are still large enough to induce redox 

reactions on the aluminum and copper alloy electrodes.  We expect that fouling 

due to the electrochemical reactions on the surface of the powered electrodes will 

reduce the electrodes’ effectiveness and possibly block the ability to control the 

electric field in the fluid.  The sensing electrodes will need to not introduce 

significant noise or have direct effects on the ions in the fluid so that ion flow can 

be detected.  Finally, evaporation of the fluid will be a problem for the small 

volumes proposed. 

Assuming these challenges can be overcome, it is proposed that a CMOS 

electrophoretic system could perform the following unique functions: 

1. Separate oppositely charged ions in a premixed drop of fluid placed on 

the chip, so as to create a low concentration work space. 

2. Move separated and concentrated ions under electronic control within 

the low concentration work space. 

3. Sense the ions as they move through the work space in order to detect 

the separation of similarly charged particles in the electric field. 
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4. Perform dynamic field manipulation of particles, e.g. moving separated 

particles in different directions with independent field control.  

The research goals of this project are to achieve functions 1, 2, and 3.  It 

will be seen that while function 1 and 2 are ultimately achieved, several 

unforeseen effects of the fluid-circuit interaction have made detection of moving 

ions more difficult than anticipated and prevented much progress on the 

separation of similarly charged ions.  The mechanisms of the interactions are now 

better understood and probable solutions for future CMOS chip fabrications are 

proposed. 

The 4th function of dynamic field manipulation is not possible with the 

current generation of chips fabricated in this research, but would become 

possible with the development of more complex integrated circuits. 

1.2. Contents 

This dissertation begins with a brief literature review in Section 2.  Early 

work completed to consider the feasibility of an electrophoresis system on a 

CMOS chip with the considered configuration is discussed in Section 3.  The 

complete circuit design including electrical testing and verification is presented 

in Section 4.  Section 5 describes modeling that was deemed necessary to predict 

and explain the output response of the chip.  In Section 6, physical 

characterizations of the chip, the packaging method, test up, and experiments are 

discussed.  Finally, Section 7 concludes with a discussion how the outcomes 

compared to our expectations.  
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2. Background 

Electrophoresis has long been used in laboratory benchtop settings to 

perform separations, and in 1991, separation of fluorescent dyes was 

demonstrated using capillary electrophoresis for the first time on glass chips [4].  

The channels were micromachined into the glass using photolithography and 

chemical etching.  The same type of chip was also used for the separation of 

amino acids [10].  In these cases, the separation was detected by fluorescence.  

Later, metal electrodes were also fabricated onto the glass chips to allow 

electrochemical detection [16, 26].  It has been argued that polymers make an 

attractive alternative to glass as the substrate for mass fabrication of microfluidic 

systems, and electrophoresis devices have been created using 

poly(methylmethacrylate) [27] and using poly(dimethylsiloxane) and glass [28]; 

recently, a comparison of poly(methlymethacrylate), polycarbonate, polystyrene, 

polyproplylene, cycloolefine copolymer, and polyether ether ketone as polymer 

substrate materials for electrophoresis devices was investigated [29].  Silicon has 

also been identified as a viable substrate alternative, because it has the advantage 

of CMOS process compatibility and would allow the integration of on-chip 

electronic components and circuits [12, 30-32].   A silicon substrate containing 

platinum electrodes has been bonded to a glass substrate containing channels 

and reservoirs to demonstrate a capillary electrophoresis system [12].  In 

addition, a capillary electrophoresis system with integrated photodiodes for 
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fluorescence detection has been developed on silicon, using parylene-C, a 

biocompatible polymer coating, to create the channels [17]. 

Although CMOS integrated circuit technology has many advantages, such 

as low cost, easy accessibility, and proven design methodologies, it has been 

sparingly used to create electrophoretic or other microfluidic devices.  A 2.0 µm 

CMOS process has been used to create microchannels, flow sensors, and a 

micropump as components for lab-on-a-chip or µ−TAS systems [14].  In addition, 

CMOS has been used to create fluorescence detection devices separate from the 

electrophoresis devices [33, 34].  The most complete system using standard 

CMOS is a dielectrophoresis system (which uses AC rather than DC electric 

fields) for manipulating and detecting individual cells [11].  This system has been 

fabricated with integrated photodiodes for sensing [11] and with integrated 

impedance sensing [35].  However, it seems no attempts have been made to use 

CMOS to create an entire electrophoresis system.  When this is achieved, then it 

will be feasible to create chemical analysis microprocessors where detection, 

separation, and the associated analysis circuitry are all integrated on the same 

chip [16]. 

Detection on electrophoresis chips is generally done with either 

fluorescence detection or electrochemical detection.  Laser-induced fluorescence 

detection requires a bulky and expensive off-chip optical system, compromising 

the portability and disposability of the overall system [27].  Steps have been taken 

to miniaturize the optical system, such as in [33] where a CMOS photodiode 
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array was used as a detector, even though an off-chip laser beam, microscope 

objective, and long-pass filter were needed to excite the fluorescence and focus it 

on the photodiode array.; in [34], a CMOS buried double PN junction detector 

coupled to the electrophoresis capillary by optical fibers performed the detection; 

and in [17], photodiodes were integrated on-chip for detection but an external 

LED was used for excitation.  As an alternative to fluorescence detection, 

integrated electrochemical techniques and devices have been found to be 

particularly well-suited for inclusion in lab-on-a-chip systems where small 

physical dimensions are important [15, 26, 31].  In particular, detection on many 

electrophoresis chips has been based on electrochemical detection, specifically 

amperometric  or voltammetric detection [15, 16, 26, 27, 36-38] among others 

[29, 39-41], with which analytes can be accurately identified and measured.  

The high voltage levels needed for sample separation are a major 

drawback for current electrophoresis chips.  Traditional chip configurations use 

up to hundreds or thousands of volts to establish electric fields for separation [10, 

12, 16, 26, 42] and therefore require strong power supplies that limit the 

portability of the system and prevent complete integration with microelectronics 

to become truly lab-on-a-chip microsystems [12].  As a major improvement over 

the conventional bench-top supply, a compact battery-powered high-voltage 

power supply (weight ~ 0.2 kg) has been developed [26]; however, much 

improvement in size and cost is needed before these units could be considered 

“disposable”.  There have been attempts at reducing the applied voltage levels by 
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using traveling electric fields [42-44], but the large scale of the chips means large 

voltages are still needed.  The tiny dimensions of the system described here along 

with the ability to dynamically control the voltages, and therefore the electric 

field, allow for single-digit control voltages.   

The system discussed here cannot only be integrated with 

microelectronics, but is in fact fabricated using a low cost conventional 

microelectronic fabrication technology, AMI 1.5 µm CMOS.  Our system has 100 

individually addressable electrodes that can all be used for controlling the electric 

field or for detection.  Because these electrodes are connected to active 

electronics (which does not seem to have been done before), there are many 

possibilities for configuring the system to optimally separate many different 

analytes. 
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3. Early Work 

In electrophoretic separations, the electric field strength is the driving 

force behind sample separation.  For this chip architecture, the voltages set on 

any of the electrodes establish an electric field across the separation area.  In a 

conventional system with only two electrodes, a high voltage is needed to 

generate a sufficiently strong electric field because of the long distance between 

the electrodes.  Alternatively, the architecture discussed here operates with only a 

5-V power supply, because the electric field is generated over very small lengths.  

Using multiple electrodes, the electric field can be moved dynamically with the 

sample as it travels along the separation area, further reducing the required 

control voltages.  

For reasons explained in [45], the electrodes in the array can be used for 

both actuating and sensing the analytes.  The electrodes not currently driving the 

electric field can be reconfigured to detect where ions are located in the 

separation region using electrochemical detection.  On conventional systems with 

amperometric detection, two extra electrodes are located near the end of the 

separation channel so that as the separated ions pass by those electrodes, the 

corresponding induced current changes can be measured.  Single electrode 

conductivity detection has also been implemented with the extra sense electrode 

positioned at the end of the separation channel [41].  The electrophoresis chip 

discussed here can also operate conventionally by sensing with one detector at 

the end of the separation as analytes pass by.  In addition, this could also 
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potentially operate in a spatial-detection mode by quickly scanning down the 

array with fast sense electrodes to allow spatial detection across the separation 

region to determine the location and concentration of particles while the 

separation is in progress.   

Figure 2 is a conceptual image of the dynamic electrophoresis system.  The 

great advantage of this system is the ability to move and change the electric field 

while the separation is in progress.  A sample can be subjected to an electric field 

long enough for one analyte to move away from the other components, then the 

operating mode can be reconfigured such that two different electric fields can be 

established to operate on different parts of the sample.  Using this type of real-

time, adaptive technology will increase the efficiency of sample separations. 

The feasibility of the electrophoresis system was investigated using 

simulation, calculation, and prototyping.  COMSOL Multiphysics [46] was used 

to analyze electric potential and electric field distributions within fluids using the 

material properties of the CMOS process.  Theoretical plate height and the range 

of mobilities that can be separated are calculated.  As a proof of concept of the 

real-time detection of moving analytes, a large-scale, high-voltage, printed wiring 

board (PWB) prototype was developed, simulated, and tested.  Finally, a 

preliminary circuit design as completed and fabricated to show that 

implementation of the design in CMOS is possible. 
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Figure 2:  Conceptual image of the electrophoresis system 
utilizing dynamic electric fields.  (a) A cutaway in the buffer fluid 

reveals the analytes in a cluster above one of the electrodes when an 
electric field is established.  (b) The field influences the smaller, more 
charged particles to move faster and separate from the larger, less 
charged particles.  (c) Once the analytes are separated and detected, 
two electric fields are established to move the analytes farther apart. 

(a) 

(b) 

(c) 
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3.1. COMSOL Multiphysics simulations 

COMSOL simulations of the electrophoresis chip were conducted, because 

we wanted to know what the electric field in the fluid might look like.  We 

expected to find out if the substrate would have an effect on the electric field in 

the fluid, and we wanted to know if the electric field distribution changed 

significantly for fluid with a glass cover verses without a cover.  COMSOL is 

appropriate to conduct simulations of the two-dimensional effects, and it could 

simulate electrostatic effects. 

Electric field simulations are analyzed for a section of the CMOS microchip 

containing 21 electrodes using COMSOL Multiphysics, Generalized Electrostatics 

module.  The simulation covers approximately 20% of the length of the system, 

but it is sufficient to illustrate the strength and flexibility of the design. 

Figure 3(a) is a labeled view of the layers and design features included in 

the electromagnetic simulations.  It shows a cross-section of 21 electrodes 

immersed in a 50 µm thick layer of tap water (not as pure as DI water).  The 

electrodes are on the bottom and along the entire width of the separation length.  

The overglass cut that allows direct physical contact to the electrodes also 

removed some of the field oxide.  The approximately 1 µm thick metal electrodes 

are on top of about 4 µm of oxide that is etched away everywhere else in the 

separation region.  The oxide also covers the bottom of the “ditches” caused by 

the overglass etch, electrically insulating the separation region from the epitaxial 

silicon layer.  (For more information on chip characterization, see Section 6.1.)  A 
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ground contact is included in the simulation to the left of the field of view of the 

image to initialize the substrate potential.  The material properties, including 

permittivity and conductivity, were calculated based on data available from 

MOSIS for the AMI ABN 1.5 µm process.  Conductivity and permittivity were the 

most influential material properties in the simulation, so the values used are 

listed in for reference.   

Table 1:  Material properties used in COMSOL simulation. 

Material σσσσ , conductivity (S/m) εεεεr , permittivity 
Vacuum 0 1 
Air 0 1.00054 
DI water 5.5e-6 80 
Tap water 0.01 80 
Sea water 5 80 
Aluminum 3.774e7 1 
Silicon dioxide 1e-14 2.09 
Silicon substrate 14286 12.0 
Silicon epitaxial layer 5.4 12.0 
p+ diffusion 3.1e4 12.0 
 

Figure 3 illustrates the electric potential and electric field distributions 

when the far left electrode holds a voltage of 5 V and the far right electrode holds 

a voltage of 0 V.  The spacing between these two electrodes is 360 µm, resulting 

in an electric field strength of approximately 14 kV/m or 140 V/cm within the 

separation area.  Figure 4 illustrates the electric potential and electric field 

distributions when the center electrode holds a voltage of 5 V and both the far left 

and far right electrodes hold 0 V.  In this case, the spacing is 180 µm, and both 

electric fields are approximately 28 kV/m or 280 V/cm, twice the strength of the 

configuration in Figure 3.  The color scale in Figure 3(a) and Figure 4(a) indicates 
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the electric potential, with blue designating 0V and red representing 5V; in 

Figure 3(b) and Figure 4(b), the color scale indicates the electric field from 0 V/m 

in blue to 80 kV/m in red. 

As both Figure 3(a) and Figure 4(a) show, the electric potential contour 

lines are nearly parallel within the fluid where the separation takes place.  The 

arrows in Figure 3(b) and Figure 4(b) show the direction and relative field 

strength that would be felt by a positive test charge within the system.  Like the 

electric potential contour lines, the electric field direction and strength is nearly 

uniform within the fluid between the driving electrodes where the separation 

takes place.  These are critical factors, because a nonuniform potential 

distribution or electric field would distort the sample concentration distribution 

and make detection more difficult [42]. 

The electric potential distribution is nonuniform only very close to the 

driving electrodes, where the electric field changes direction and strength.  Even 

in traditional systems, samples are introduced into the channel between the 

driving electrodes, and they are detected before reaching the end electrode.  

Similarly, in this system, the sample does not need to reach the driving electrodes 

and, therefore, will not be in the areas where the potential distribution is 

nonuniform.  Because the system is so flexible, the locations of the samples and 

their separation can be monitored, and the electric field can be moved or 

modified before the sample reaches the nonuniform areas of the field.  This 

flexibility enables very efficient separation conditions on the chip.  
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Figure 3:  COMSOL Multiphysics simulations of the CMOS 
electrophoresis chip.  The far left electrode is 5V and the far right 

electrode is 0V; the x- and y- axes give dimensions in meters.  (a) The 
electric potential is indicated by the color scale on the right and 

contour lines show regions of equal potential. (b) The magnitude of 
the electric field is indicated by the color scale on the right and the 

arrows indicate the direction and relative field strength. 

(b) 
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Figure 4:  COMSOL Multiphysics simulations of the CMOS 
electrophoresis chip.  The middle electrode is 5V and the far left and 
right electrodes are 0V; the x- and y- axes give dimensions in meters.  
(a) The electric potential is indicated by the color scale on the right 
and contour lines show regions of equal potential. (b) The magnitude 
of the electric field is indicated by the color scale on the right and the 

arrows indicate the direction and relative field strength. 
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(b) 
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The configuration shown in Figure 3 and Figure 2(a-b) is similar to that of 

a traditional straight electrophoresis system.  The functional difference is the 

sample must travel a certain distance to a detector in a traditional system, 

whereas in this system any of the electrodes not currently being used as driving 

electrodes can be used as detection electrodes.  This means that the separation 

does not have to travel a predetermined distance – samples must only be 

separated enough to be detectable as different charge-induced current or voltage 

peaks at any of the electrodes along the channel. 

 For even more flexibility, we believe electrophoresis implemented on a 

CMOS chip has the capability to produce and maintain more than one electric 

field for more efficient separations and sample transport on the chip.  With the 

configuration shown in Figure 4, the separation channel is under the influence of 

two electric fields, on opposite sides of the center electrode in opposing 

directions.  This configuration would be used in the scenario illustrated in Figure 

2(c) where two fields are established to move separated analytes further apart.  

However, this type of separation is not a research goal of the current project.   

COMSOL Multiphysics simulations show that the CMOS electrophoresis 

chip layout, materials, and fabrication properties can yield approximately 

uniform electric fields of appropriate strengths to perform electrophoresis for 

many applications.  The substrate does not appear to have an adverse effect on 

the electric field in the fluid, and cover glass over the drop does not seem to be 

needed if the drop wets the surface of the chip as we expect.  
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3.2. Theoretical Limits 

The electric field strength of this platform is very flexible; it only depends 

on the distance between the electrodes controlling the field and the potential 

difference between those electrodes.  In the current design, the shortest effective 

distance across which an electric field can be applied is approximately 72 µm.  

This is the distance for a successful separation plus an electrode on either side to 

establish the electric field.  Therefore, a 5 V power supply would provide a 

maximum effective electric field of approximately 700 V/cm.  A traditional 5 cm 

straight separation channel would require nearly a 7 kV power supply to achieve 

the same range of electric fields capable on this electrophoresis system.  The 

current separation region length is 1.8 mm and arbitrarily small electric fields can 

be established with very small voltages. 

For a successful separation, analytes must be far enough apart to be 

detected by two different nonadjacent electrodes.  In the current 1.5 µm CMOS 

implementation, the electrodes have a pitch of 18 µm (6 µm wide with 12 µm 

spacing).  Thus, the minimum successful separation would have a distance of at 

least 36 µm between analytes.  Given that the separation region has 100 

electrodes within 1.8 mm, the currently implemented chip can differentiate 

mobilities within 2%.  The efficiency of the system is entirely determined by the 

number of electrodes and their spacing.  If the design were extended to include 

1000 electrodes with the same pitch, the chip would then be able to differentiate 

mobilities within 0.2% (10 times better).  If the design was instead implemented 
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in a smaller technology with a pitch of 9 µm, for example, then the chip would be 

able to differentiate mobilities within 1%. 

3.2.1. Separation efficiency  

An important characteristic of electrophoresis systems is the separation 

resolution, or peak capacity, of the system.  It is represented by the number of 

theoretical plates N, which is defined as the square of the number of 

distinguishable sample bands that fit within the separation length [5, 47, 48] 

 
2

2

L
N

σ
= , 1 

where L is the channel length and σ  is a measure of bandwidth.   

Assuming the band begins as an initially sharp peak and diffusion is the 

primary force leading to band spreading, then the peak bandwidth at the end of 

the separation can be given by [5, 47] 

 2 2Dtσ = , 2 

 where t is the time required for an analyte to migrate the length L.  The time can 

be calculated with  
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where v is the migration velocity, µ is the electrophoretic mobility of the analyte, 

and E is the electric field induced by voltage V across the work space of length L 

(see Section 5.1).  Then, the peak bandwidth is 
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And the number of theoretical plates can be calculated with 
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With Equation 5, the number of theoretical plates can be determined by 

the length the analyte travels, the effective electric field that causes it to migrated, 

and properties that depend on the specific analyte, its electrophoretic mobility 

and diffusion constant.  For our electrophoresis chip, the configuration of the 

length and electric field varies depending on the test.   

We can calculate the number of plates for one of the scenarios explored by 

simulation and experimental results in Sections 5.2.4 and 6.5.3.  In this scenario, 

sodium chloride (NaCl) ions are first separated and concentrated on opposite 

sides of the work space, and then a field is established to induce them to migrate 

across the work space.  The electric field is established by forcing a 1-V potential 

difference 10 electrodes apart, or over 180 µm.  This results in an electric field of 

approximately 5555 V/m in the work space.  Taking the negative Cl- ions as the 

example, their electrophoretic mobility is about 80x10-9 m2/V*s [49] and their 

diffusion constant is about 2x10-9 m2/s.  Substituting these values into Equation 5 

indicates the number of theoretical plates for this configuration is 20.  This 

indicates that our sensing capability is limited by the resolution of our electrode 

array and not by diffusion.  From our defined minimum detectable separation 

distance (nonadjacent electrodes must sense different analytes), only 5 detectable 
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peaks would fit in this work space length.  In this case, band spreading caused by 

diffusion does not limit the minimum detectable separation distance.  

We can also calculate the number of plates for a configuration in which we 

use the maximum electric field across the length of the separation region.  In this 

case, the electric field is 700 V/cm, or 7x104 V/m, and the length is 1.8 mm.  

Again using Cl- as our example, we end up with 2520 theoretical plates.  Again, 

our sensing capability is limited by the resolution of the electrode array, which 

can only sense 50 distinct peaks, and we are not limited by diffusion. 

3.2.2. Range of separable mobilities  

To ensure the usefulness of this design, the range of mobilities that can be 

separated by the system has been determined.  A maximum effective electric field 

of approximately 700 V/cm achievable with a 5-V power supply would enable the 

separation of mobilities from 51 µm2/V*s to 2.5x107 µm2/V*s, depending on the 

experimental time (here 1 ms up to 10 s).  For the purpose of this analysis, the 

smallest useful electric field is assumed to be 10 V/cm.  At this field strength, 

mobilities from 3.6x103 µm2/V*s to 1.8x109 µm2/V*s can be separated, as shown 

in Figure 5.  Figure 5 (a) shows the minimum and maximum mobilities that can 

be used with a typical electric field of 100 V/cm.  Figure 5 (b) and 1(c) show the 

ranges of mobilities that will move the minimum and the maximum allowable 

distances, respectively, for the minimum, typical, and maximum electric fields 

that can be generated by the chip.  The results indicate that the electric field must 

be weak or the experiment time must be short to separate higher mobilities; 
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however, the mobilities of the analytes are limited if the electric field is strong or 

if the experiment time is long. 

  The ideal electric field for a give separation would be determined by the 

characteristics of the analytes to be separated.  The optimum electric field 

strength for DNA separation via capillary gel electrophoresis has been shown to 

be approximately 200 V/cm [50], well within the range achievable by this system.  

The ideal electric field for a given separation would be determined by the 

characteristics of the analytes to be separated; for example, to complete the 

separations in the same amount of time, simple ion separation would require a 

smaller electric field than separation of complex biomolecules.  The flexibility of 

this design means the chip can dynamically adjust the electric field to tailor the 

separation conditions to the analytes being separated. 
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Figure 5.  Ranges of separable mobilities.  (a) Mobilities that can be 
separated under a typical electric field of 100/cm.   (b)  Range of 

mobilities that will move the minimum distance for a range of electric 
fields.  (c)  Range of mobilities that will move the maximum distance 

for a range of electric fields. 

 

An improved CMOS electrophoresis chip could dynamically control the 

strength and location of the applied field, a range of mobilities can be separated 

with strategic use of low and high electric fields in real-time, while the separation 

is in progress, thus improving the separation efficiency.  Consider a sample that 

(c) (b) 

(a) 

analytes that fall in between are separable 
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contains two fast (high mobility) components and two slow (low mobility) 

components to be separated.  With a static field system, a maximum electric field 

exists that can separate the fast-moving components given the resolution of the 

detection system.  Using the same electric field for the remaining slow-moving 

components may increase the separation time to fully resolve the components or 

obfuscate the separation because of diffusion. A dynamic design would utilize two 

electric fields once the fast-moving components are separated – one to move the 

separated components to an isolated region while the other separates the slow-

moving components.  The slower components can then be subjected to a stronger 

electric field for separation or, if diffusion is a problem, they can be returned to 

the edge of the separation area, concentrated, and then separated by a stronger 

electric field.  This process can therefore be used to separate a sample with any 

number of components of varying mobilities.  Using this type of real-time, 

adaptive technology increases the efficiency of sample separations. 

3.2.3. Minimum difference in mobilities  

Next, the minimum difference in the electrophoretic mobilities of the 

analytes to be separated was determined.  It was assumed that for a successful 

separation, analytes must be at least 36 µm apart at the end of the separation – 

they must be far enough apart to be detected by two different electrodes. Given a 

range of electric field strengths up to 100 V/cm (0.01 V/µm) and a range of 

experiment times, the minimum difference in mobilities was determined, and is 

shown in Figure 6.  The difference between the mobilities of the analytes to be 
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separated must be above the curve shown.  The results indicate that given a very 

short amount of time to separate and a very weak electric field, the mobilities of 

the analytes must be very different.  However, using a strong electric field (100 

V/cm or stronger) or allowing the experiment a longer time to complete will 

allow separations of analytes with very similar mobilities.  This electrophoresis 

chip will be able to separate many types of analytes with similar or very different 

mobilities because of its built-in flexibility. 

 

 

Figure 6:  The minimum difference in mobilities given electric field 
strength and time.  For a  given electric field strength and experiment 

time, the difference between the mobilities of the analytes to be 
separated must be above the curve shown. 

3.2.4. Maximum mobility  

Finally, the maximum electrophoretic mobility for a given electric field 

strength and experiment time was determined.  The proposed design has a 

separation region length of 1.8 mm and the operation frequency of the chip is 
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expected to be less than 1 MHz.  Given these circumstances, it is possible that 

some analytes may travel so quickly under certain experiment conditions that 

they might reach the end of the separation region before the chip can detect 

them.  For this reason, the maximum mobilities for certain field strengths and 

times were calculated.  The results are shown in Figure 7; the mobility of any 

analyte to be separated must be below the curve shown (notice the scale of the 

mobility axis in comparison with Figure 6).  The results indicate that higher 

mobilities are allowed if the electric field is weak or the experiment time is short.  

However, the mobilities of the analytes are limited if the electric field is strong or 

if the experiment time is long, because analytes with faster mobilities can 

potentially migrate right off the chip under these conditions.  Again, the flexibility 

of the chip allows the dynamic adjustment of the electric field so that the 

separation conditions can be tailored to the analytes being separated.  
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Figure 7:  The maximum detectable mobilities given electric field 
strength and time.  For a given electric field strength and experiment 
time, the mobility of any analyte in the experiment must be below the 
curve shown.  (Notice the scale of the mobility axis in comparison 

with Figure 6.) 

 

3.3. Printed wiring board prototype 

Several tests on a large-scale, high-voltage, printed wiring board (PWB) 

version of the system were performed to see if there are major problems with the 

proposed electrophoresis system design.  The electrophoresis chip is expected to 

operate using an uncovered drop of premixed fluid on its surface.  We want to 

investigate further the electrophoretic effects in a fluid without a cover or 

structure enclosing it.  Additionally, we want to determine if it is possible to 

overcome diffusion by using an electric field to concentrate particles.  A PWB 
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prototype of the design was implemented to examine these issues and real-time 

detection of moving analytes has been demonstrated.  

Figure 8 shows the results of the separation of red food coloring into red 

and blue components on the PWB prototype.  The food coloring was originally 

placed on the left side of the PWB over a negatively charged electrode (Electrode 

1).  The positively charged electrode (Electrode 100) is located on the far right of 

the electrode array.  As shown in the photograph (Figure 8(a)), the blue analytes 

moved more quickly than the red analytes down the array toward the positive 

electrode.  The voltages detected at a sampling of individual electrodes 

throughout the array were monitored during the separation as a function of time 

(Figure 8(b)).  Notably, the voltage on an electrode establishes a local minimum 

as negatively charged particles pass, therefore enabling the real-time detection of 

the location of the analytes during separations. 

  Because the separation area on the electrophoresis chip is so small, 

depositing a sample for separation at one end may be difficult.  To simplify the 

sample loading, a solution of premixed buffer and sample may be deposited over 

the entire separation region, and the chip may be able to electrically push the 

sample to one side before starting the separation.  As a demonstration, green 

food dye was distributed onto the PWB system (Figure 9(a)), and the electric field 

was then used to push the analytes toward one side (Figure 9(b)).  This 

experiment shows that a strong enough electric field can overcome the effects of 

diffusion. 
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Figure 8:  Printed wiring board prototype shown with red food 
coloring separated into red and blue components. (a) Photograph 
taken during the separation.  (b)  Voltage changes on electrodes 

located between the anode and cathode. 

 

(a) 

(b) 
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Figure 9:  Printed wiring board prototype showing that electric field 
can overcome diffusion to concentrate particles.  Green food coloring 
mixed with buffer was distributed throughout the separation area (a), 
and the board was able to move the sample of food coloring toward 

one end before starting separation (b). 

 

The behavior of the PWB prototype has been verified by a mixed-domain 

simulation developed for the analysis of this electrophoresis system , which will 

be discussed in Section 5.2.4.  The simulation results, shown in Figure 10, agree 

well with the experimental data (Figure 8).  The CMOS implementation of this 

verified design significantly reduces the electrode array size to require only a 5-V 

power supply for effective separations and will allow the electric field to be 

controlled via on-chip electronic circuits. 

(a) (b) 
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Figure 10:  Mixed-domain simulation of the food coloring separation 
on the PWB showing voltages on a sampling of electrodes between the 
anode and cathode.  Analytes passing an electrode are identified by a 

local minimum in the voltage on that electrode. 

 

3.4. Preliminary circuit design and fabrication 

An initial CMOS design of the electrophoresis system was completed by a 

Daeik Kim, a post doc in our group before leaving to work at IBM [52].  This first 

iteration of the electrophoresis chip was fabricated using the AMI ABN 1.5 µm 

CMOS process previously available through MOSIS.  An opening in the 

passivation above the separation area created by the bond pad overglass cut 

during CMOS processing allows the sample to electrically connect to the 

electrodes. 
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    Figure 11 shows a microphotograph of this first attempt at an 

electrophoresis chip.  In this design, the circuits for each electrode required only 

36 transistors and fit into an area 19.2 µm wide and 485.6 µm long.  The control 

circuits and bond pads are located on only one side of the chip, leaving the entire 

other side for chemical manipulation.  The electrodes are 6.4 µm wide with 12.8 

µm spacing, giving a total separation area 1.9 mm long and 0.8 mm wide.   

The control circuits for this design are very small, which leaves a 

maximum amount of area for the chemical separation region.  In this initial 

design, only nMOS gates were used to implement the decode functional block and 

the switches to turn the memory cells on and off.  Unfortunately, the aggressive 

circuit design approach taken here was risky, with a high probability of failure 

due to yield variation.  The circuits were not robust and did not work in lab 

experiments, either because they were not functional or because of yield 

problems.   

Although we had this testing difficulty, this chip did show that the 

electrophoresis design was possible with CMOS.   It was an excellent beginning 

point for my work.   
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Figure 11:  Photograph of the first attempt of an electrophoresis chip. 
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4. Circuit Design 

A compact circuit was designed to implement the electrophoresis on a chip 

system.  The layout is particularly sensitive to area, because the chip fabrication 

available for this project is significantly smaller area than other chips used in the 

literature.  In addition, the layout of the electrodes used for controlling the 

electric fields is an essential part of the design. 

The electrophoresis chip was fabricated using the AMI ABN 1.5 µm CMOS 

process previously available through MOSIS.  This process has an epi-layer on 

the p-type substrate, and the metal electrodes are above the field oxide layer.  An 

opening in the overglass above the separation area allows the sample to 

electrically connect to the electrodes.     

4.1. Floorplan 

Separation of chemical samples is the primary purpose of the chip.  This 

requires space, so the separation area should take up as much space as possible 

on the tiny chip.  A large number of electrodes provides more control over electric 

field strength and movement; therefore, we decided to include 100 electrodes on 

the 2 mm chip.  A cut in the overglass above the electrodes allows the chemical 

samples to be in direct physical contact with the metal electrodes. 

After analysis and testing of the initial circuit design, we decided that more 

robust circuits are needed to achieve the necessary circuit operations.  Because of 

this, more space is required for circuit area than was used in the in initial design.  

Figure 12 is a comparison of the original and modified chip floorplans; Figure 
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12(a) is a block diagram of the original circuit, and Figure 12(b) is a block 

diagram of the redesigned circuit.  On the redesigned chip, circuits are positioned 

on both sides of interdigitated electrodes forming the separation region, allowing 

wider circuits than in the original design.  The circuits in this case fit into an area 

36 µm wide and 500 µm long.  The electrodes are still 6 µm wide with 12 µm 

spacing, and the total separation area is now 1.8 mm long and 0.46 mm wide.  

The separation region on the redesigned chip is a little more than half the width 

of the region on the original chip, but we anticipate that this area is adequate to 

perform separation. 

 

 

Figure 12:  Block diagram for the layout of the electrophoresis chip; 
(a) initial design, (b) modified design. 

circuits 

 
I/O and routing 

 
electrodes 

circuits 

circuits 
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electrodes 
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4.2. Functional block design and simulation 

Each of the 100 electrodes is individually addressable.  Circuits are used to 

force voltages on individual electrodes, which create electric fields.  The current 

or voltage on any electrode can also be sensed in order to detect the movement of 

particles.  These three functions are realized by decode, force, and sense 

functional blocks, respectively.  The functional blocks work together to control a 

single electrode in the array.  Cadence [53] was used as the circuit design 

environment, and Synopsys circuit simulator HSPICE [54] was used for 

simulation. 

4.2.1. Decoder  

Decoders can take up huge amounts of area.  Rather than devoting the 

limited real estate to a traditional decoder, selecting an electrode is accomplished 

by a string of addressed passgates.  In the initial design, only nMOS gates were 

used to implement the decoder functional block; however, both nMOS and pMOS 

gates were used in the more robust redesign.  When the correct address is set for 

a given electrode, the corresponding decode block passes the value of an enable 

signal to the force and sense circuits for the electrode.   In this way, an electrode 

is accessed only when its address is set and enable is turned on.  Figure 13 shows 

the schematic of an example decode functional block for electrode 93, and Figure 

14 shows the layout.  Address lines are connected differently for each individual 

electrode; addressing was accomplished in the layout by taking advantage of the 

SKILL scripting feature of Cadence. 
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Figure 13:  Schematic representation of the decoder functional block 
for an example electrode. 

 

Figure 14: Layout of the decoder functional block. 

 

The functional block was simulated for several different scenarios.  Figure 

15 shows the results for two simulations.  Figure 15(a) shows that when the 

correct address is set for the simulated electrode and ENABLE goes high, the 

NODE signal that goes to the force and sense functional blocks goes high.  In 
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Figure 15(b), the incorrect address is set, and when ENABLE goes high, NODE 

experiences a pulse of noise before it settles back to low.   

 

Figure 15:  Decoder functional block simulations.  (a) When the 
correct address is set, and (b) when an incorrect address is set. 

(a) 

(b) 
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4.2.2. Force   

The force functional block is made of simple inverters and passgates.  The 

system can force one of two voltages on any electrode, which requires two force 

blocks per electrode.  Either voltage can be forced by pulsing the control signal 

for the voltage; if the electrode is selected, it becomes connected to the selected 

external voltage source until the same voltage is connected to another electrode.  

Figure 16(a) is a schematic of the force functional block, and Figure 16(b) is the 

layout. 

 

Figure 16:  (a) Schematic representation of the force functional block, 
and (b) Layout of the force functional block.  

(a) (b) 
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For the representative simulation of the force block shown in Figure 17, 

either F1 (1V) or F2 (3V) can be forced onto the selected electrode.  When the 

electrode is selected (NODE is high), pulsing P1 forces voltage F1 onto the 

electrode and pulsing P2 forces voltage F2 onto the electrode; the electrode is 

physically connected to the F1 voltage source, which is an external supply for this 

design.  Pulsing either of these control signals when the electrode is not selected 

(NODE is low) results in little or no change to the voltage on the electrode – the 

electrode simply floats near the voltage it was set to previously.  When the control 

signals (P1 and P2) are pulsed while the electrode is not selected, it becomes 

disconnected from the external voltage source.  In the simulation, the electrodes 

float near the last voltage they were set to because they do not experience any 

forces that affect the voltage; however, in practice, analytes on the chip may affect 

the voltage on any floating electrodes. 
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Figure 17:  Force functional block simulation. 

 

4.2.3. Sense 

Sensing is done in much the same way as forcing.  One sense block is 

nearly identical to the force block, in that when a control is pulsed, the current on 

the selected electrode is connected to an output for detection.  Another sense 

block is always connected to the currently addressed electrode.  The ability to 

sense from two different electrodes is an improvement made in the second design 

iteration.  Figure 18(a) is a schematic of the sense circuits, and Figure 18(b) is the 

layout.  Figure 19 shows a simulation of the sense block.  SENSE1 is always 
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connected to the currently selected electrode, so it reflects an output when NODE 

is high.  SENSE0, on the other hand, is connected to the node that is selected 

when P0 is pulsed.  For the simulation shown in Figure 19, SENSE0 has a current 

output when P0 is pulsed while NODE is high, and the current output falls to zero 

when P0 is pulsed while NODE is low (no electrode is selected). 

 

Figure 18:  (a) Schematic representation of the sense functional block, 
and (b) Layout of the sense functional block. 

(a) 
(b) 
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Figure 19:  Sense functional block simulation. 

4.2.4. Static protection   

Static protection circuits were designed to protect against static damage to 

the chip.  This circuit is much smaller than conventional commercial static 

protection circuits because of the space constraints of this project.  Previous lab 

experiments by the researcher’s lab have shown that diodes with 4λ widths are 

sufficient to protect against static encountered in careful laboratory experiments.  

Commercial static protection circuits are much larger to protect against static 

that chips can encounter in a multitude of situations, including mass production, 

packaging and transportation, and consumer products.  Figure 20(a) shows a 

generic schematic of two reversed-biased diodes as static protection circuits.  
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Figure 20(b) is a schematic of the implemented circuit, and Figure 20(c) shows 

the layout for four diodes per pad. 

 

 

Figure 20:  Static protection circuits; (a) generic schematic, (b) 
implemented schematic, (c) layout. 

 

The static protection circuits were simulated to ensure correct 

functionality.  As can be seen in Figure 21, when the voltage input increases above 

the power supply voltage, the voltage going into the circuit is limited at slightly 

above the power supply voltage but the power supply current increases 

drastically. 

AD 

(a) (b) (c) 
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Figure 21:  Simulation of the static protection circuits. 

 

4.2.5. Pad frame 

Wire bond pads were designed with the static protection circuits to follow 

the block diagram of the system and occupy very small area.  The pads are 

slightly smaller than design rule specifications, but fit in the area available and 

are sufficient to allow wire bonding by the researcher.  Figure 22 shows a wire 

bond pad with static protection circuits and the entire pad frame for the chip. 
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Figure 22:  (a) Layout of wire bond pad with static protection circuits, 
and (b) the pad frame for the chip. 

 

Several probe pads were also designed into the chip for risk mitigation.  If 

the circuits behave unexpectedly, the probe pads are easily accessible for two 

electrodes on the end of the array and can provide information on the state of 

internal nodes in the circuits.  The ability to access this information could provide 

insight into the operation of the circuit that will allow the researcher to work 

around the problem in the circuit to make the system work. 

4.3. Chip design and simulation 

After the circuits for the functional blocks were designed and simulated, 

the layout for the entire chip was completed, shown in Figure 23.  Then, 

(a) (b) 
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simulations of the complete circuit were carried out prior to fabrication to ensure 

operation.  

In the representative simulation show in Figure 24, several electrodes are 

selected and forced to a voltage and then that voltage is sensed.  First, the address 

is set to electrode 101, ENABLE is turned on, and voltage F2 (4.5V) is forced.  

SENSE1 tracks the voltage on the electrode after overcoming the capacitance in 

the line.  When P0 is pulsed, SENSE0 also reflects the voltage on electrode 101, 

although the electrode and SENSE1 initially experience a drop in voltage due to 

capacitance.  It is believed that this will not be a problem in operation if the chip 

is operated at sufficiently slow speeds – on the order of kHz rather than MHz.  

When ENABLE is turned off, it can be seen that SENSE0 remains connected to 

the electrode while SENSE1 begins floating.  Next, the address is set to electrode 

97 and enabled.  The voltage on electrode 97 initially rises to approximately 4V, 

which is where SENSE1 is currently floating.  After P1 is pulsed, forcing F1 (0.5V) 

on electrode 97, SENSE1 immediately drops to the voltage on electrode 97 while 

SENSE0 remains connected to electrode 101.  When P0 is pulsed, then SENSE0 

is also connected to electrode 97.  After ENABLE is turned off, SENSE0 remains 

connected to electrode 97 and SENSE1 floats.  Finally, the address is set to 

electrode 96, and the same pattern is repeated.  ENABLE is turned on and the 

voltage on electrode 96 initially drops slightly to approximately 0V, where 

SENSE1 is floating.  P2 is pulsed, forcing voltage F2 (4.5V) on electrode 96 and 

SENSE1 rises to F2.  SENSE0 remains connected to electrode 97 until P0 is 
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pulsed, and then SENSE0 is also connected to electrode 96.  This simulation 

shows that the circuit has the basic functionality designed into the 

electrophoresis chip. 

 

Figure 23:  Layout of the electrophoresis chip. 

 

control circuits 

separation region 

control circuits 
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Figure 24:  Representative simulation of the electrophoresis chip. 

 

Using the noise analysis feature in HSPICE, the circuit was shown to have 

input referred noise of approximately 40 fA.  Assuming a low noise, high 

bandwidth off-chip amplifier is used, the proposed chip has the sensitivity to 

measure ion concentrations causing currents as low as 1 pA, which have 

previously been measured in our lab [55].  Applying a one-dimensional analysis 

with ions of one electronic charge (q) and assuming we can shape the charge for 
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separation, 1 pA corresponds to detecting a 64 µM solution passing over an 

electrode within 1 sec.  Integration over 10 sec necessitates a 643 µM solution, 

and integration over 0.1 sec only requires a 6.4 µM solution. 

As an added benefit of this design, the voltages on the electrodes can be 

modified to move or change the electric field as the sample separates.  Voltages 

ranging from 0.01 V to 5 V can be used over distances of 18 µm to 1.8 mm, 

yielding the ability to generate electric fields from as small as 0.05 V/cm to as 

strong as 2778 V/cm.  The ability to change and move the electric field over a 

wide range of strengths and distances provides the ability to separate samples 

with a range of mobilities.  This can be done dynamically in real-time, while the 

separation is in progress, to yield a potentially more efficient separation.  For 

example, a sample can be moved along the separation area until one component 

splits from the sample and two electric fields can be established – one to move 

the separated component to an isolated region, while the other holds the as-yet 

unseparated sample and moves it back to the edge of the separation area.  The 

unseparated sample can then be subjected to a stronger electric field to divide out 

slower moving components, and the process can be repeated until the sample is 

fully separated into its components.  Using this type of real-time, adaptive 

technology, the length of the separation area can be artificially increased to allow 

all components of the sample to be separated.   
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4.4. Electrical test results 

Test equipment used includes a Keithley 4200 Semiconductor 

Characterization System, Keithley 236 Source Measurement Units, and Tektronix 

Pattern Generator. 

4.4.1. Power up 

The static protection circuits are controlled by a Keithley 236 Source 

Measurement Unit, so that they can be independently controlled and monitored.  

The power supply is connected to the Keithley 4200, so the leakage current can 

be recorded.   

First, static protection circuits are powered up by grounding PadGND and 

ramping PadVDD from 0 V to 5V.  This gives power to the PN junctions on the 

pads that protect the rest of the circuits from large voltage spikes that can cause 

static damage.  In regular room lights, these circuits have about 150 nA of leakage 

current.  When the chip is covered up and put in the dark, the protection circuit 

leakage current falls to close 10 nA.  This difference is because the reverse-biased 

PN junctions are photodetectors, which create a current proportional to the light 

absorbed. 

Next, the power supply is powered up by grounding GND and ramping 

VDD from 0V to 5V.  The leakage current in the power supply is about 425 nA in 

regular room light with the rest of the circuits unconnected.   
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4.4.2. Functional tests 

Several tests were conducted to verify the correct operation of the chip.  

One such experiment that tests all of the basic functions of the chip is discussed. 

Figure 25 and Figure 26 show test results that correspond to the 

simulation in Figure 27.  Table 2 shows the input data used for the Pattern 

Generator to achieve these results.  Force voltages and currents, sense voltages, 

and the enable voltage are output to the Keithley 4200.  In this test, the address is 

set to electrode 32, ENABLE is turned on, and P2 is pulsed to force F2 (3.0 V) on 

the electrode.  SENSE1 tracks the voltage on electrode 32 after ENABLE is turned 

on, and it moves to 3 V when that voltage is forced on the electrode.  P0 is then 

pulsed, tying SENSE0 to electrode 32.  ENABLE is turned off and the address is 

cleared before being set to electrode 16.  Notice that even with ENABLE off, 

SENSE0 continues to track the voltage on electrode 32 but SENSE1 floats.  

ENABLE is turned back on and SENSE1 follows electrode 16 as P1 is pulsed, 

forcing F1 (1.5 V) on that electrode.  ENABLE is turned off and the address is 

cleared.  Finally, the address is set to electrode 32 again and ENABLE is turned 

on to show that SENSE1 immediately jumps to the voltage (3 V) already on 

electrode 32.  Throughout the test, Sense0 holds at voltage forced to 32 and 

Sense1 shows voltage at currently enabled electrode.  This is correct operation for 

the design.  

The HSPICE simulation predicted the power supply current to be 29 nA 

with spikes up to 140 µA at digital signal switches (which are probably artifacts 
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due to perfect digital signals generated by the simulation).  The test results show 

that the power supply current is reasonably steady but higher than the 

simulation, at approximately 380 nA.  The larger power supply current is 

attributed to leakage current through the PN junctions at the sources and drains 

of the transistors, which is proportional to the intensity of the background light.   

Overall, the chip’s behavior explored in the experiment is consistent with 

simulation results. 

 

 

Figure 25:  Test results as collected by the Keithley 4200. 
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Figure 26:  Representative test results showing correct operation, 
with voltages and currents on separate graphs. 

 

Figure 27:  Simulation of the same scenario shown in Figure 26. 
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Table 2.  Input data used for the test shown in Figure 26. 

Sample Address Address_bar Pulse Pulse_bar Enable
(seconds) [Decimal] [Decimal] [Binary] [Binary] [Binary]

0 0 127 000 111 0
1 0 127 000 111 0
2 0 127 000 111 0
3 0 127 000 111 0
4 32 95 000 111 0
5 32 95 000 111 0
6 32 95 000 111 1
7 32 95 000 111 1
8 32 95 100 011 1
9 32 95 000 111 1
10 32 95 000 111 1
11 32 95 001 110 1
12 32 95 000 111 1
13 32 95 000 111 1
14 32 95 000 111 0
15 32 95 000 111 0
16 0 127 000 111 0
17 0 127 000 111 0
18 0 127 000 111 0
19 0 127 000 111 0
20 0 127 000 111 0
21 16 111 000 111 0
22 16 111 000 111 0
23 16 111 000 111 1
24 16 111 000 111 1
25 16 111 000 111 1
26 16 111 000 111 1
27 16 111 010 101 1
28 16 111 000 111 1
29 16 111 000 111 1
30 16 111 000 111 1
31 16 111 000 111 1
32 16 111 000 111 0
33 16 111 000 111 0
34 0 127 000 111 0
35 0 127 000 111 0
36 0 127 000 111 0
37 0 127 000 111 0
38 32 95 000 111 0
39 32 95 000 111 0
40 32 95 000 111 1
41 32 95 000 111 1
42 32 95 000 111 1
43 32 95 000 111 1
44 32 95 000 111 1
45 32 95 000 111 0
46 32 95 000 111 0
47 0 127 000 111 0
48 0 127 000 111 0
49 0 127 000 111 0
50 0 127 000 111 0
51 0 127 000 111 0
52 0 127 000 111 0
53 0 127 000 111 0
54 0 127 000 111 0
55 0 127 000 111 0
56 0 127 000 111 0
57 0 127 000 111 0
58 0 127 000 111 0
59 0 127 000 111 0  
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4.4.3. Repeatability 

The experiment discussed above was repeated on the same chip four 

months later and was also performed on a different chip to determine consistency 

and repeatability. 

After four months, the above experiment was repeated on the same chip.  

This time, after powering up, the static protection circuits had about 120 nA of 

leakage current and the power supply current was about 350 nA.  These values 

are slightly less than in the experiment documented above, but they are also very 

light dependant.  These small variations are attributed to variations in 

background light exposure to the circuits.  The functional test resulted in very 

similar data to that presented above, indicating the chip has repeatable behavior, 

even after several months. 

The above experiment was also performed on another chip from the same 

fabrication run, to show that results are consistent between chips.  The static 

protection circuits were powered up and had about 100 nA of leakage current.  

The power supply had about 300 nA of leakage current when powered up, and 

both currents varied as expected with light exposure.  The same functional test 

was performed and repeated, and this chip showed also showed correct behavior, 

shown in Figure 28.  From this, we learned that the chips behaved consistently.  
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Figure 28:  Test results from the same experiment performed on a 
different chip show consistency of behavior between chips.  

4.5. Optical sensing 

The first design included 100 electrodes that could be used to control the 

electric field or for electrochemical sensing.  Many applications that use 

electrophoresis separation rely on fluorescence sensing, however, so the design 

has been improved to include photodetectors for optical sensing capabilities.   

This improved design still includes 100 individually addressable metal electrodes 

for electric field control and electrochemical sensing, and it also includes 100 

individually addressable photodetectors for optical sensing. 

4.5.1. Floorplan 

The photodetectors are located in the substrate below and slightly to the 

sides of the metal electrodes.  Control circuits are the same as previously 

discussed with the addition of amplifier circuits to buffer the output from the 

photodetectors.  The floorplan of the chip remains unchanged.  
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4.5.2. Functional block design and simulation 

The addressing, forcing, and electrochemical sensing circuits are the same 

as those previously discussed, so those blocks are not explained further here.  

Below are descriptions of the photodetectors and their amplifier circuits for 

optical sensing. 

4.5.2.1. Photodetector 

The photodetectors, intended to detect and quantify light shining on them, 

share address circuitry with their associated electrodes.  Specifically, each 

addressable photodetector is implemented using reverse-biased PN junctions on 

both sides of the associated electrode, and the sum of those currents passes 

through an amplifier that buffers and amplifies the photocurrent before 

outputting it off-chip. 

Detectors in the substrate have been used previously in this research lab 

and have been shown to be reliable, so that design concept has been repeated 

here.  Specifically, each addressable detector collects current from PN junctions 

on both sides of the associated electrode.  N-diffusion spans the distance beneath 

the Metal2 electrode – it is 0.8 µm wider than the Metal2, resulting in 0.4 µm 

spacing between the edge of the Metal2 and edge of the diffusion on both sides of 

the electrode.  The P-substrate constitutes the P side of the PN junction.  The 

depletion region is expected to range from slightly inside the N-diffusion out into 

the P-substrate. 
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Because of the glass cut over the separation, we don’t want to use Metal1 to 

route the photodetector current because of the likelihood the glass cut will etch 

low and possibly short Metal1 to Metal2 in that region.  We don’t want to short 

our photodetector current to the forcing and electrochemical sensing signals 

above, so we rely on diffusion to conduct the current back to the amplifier circuit 

before outputting it off the chip.  The current will have to travel at most 412 µm in 

diffusion (from the furthest end of the photodetector to the amplifier).  We expect 

most current to have to travel only half that, if the separation is concentrated in 

the center of the separation region.  Figure 29 shows the photodetector layout 

and the entire chip layout with photodetectors beneath the separation region.  

 

Figure 29:  (a) Layout of a photodetector section and (b) the entire 
chip layout with photodetectors beneath the separation region. 

 

(a) (b) 
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4.5.2.2. Amplifier 

A current amplifier buffers and amplifies the photocurrent before 

outputting it off-chip.  Figure 30 shows a schematic of the photodetector and 

amplifier circuit and a layout of the amplifier circuit.  The devices are minimum 

geometry, but the two pMOS devices before the output are four times minimum 

width to amplify the current.   A voltage bias is provided from off-chip, and the 

output is maintained at a voltage similar to the bias to achieve the correct output 

current.  Simulation of the amplifier layout (sample shown in Figure 31) shows 

that it works as intended.  The photodetector cannot be simulated, so an expected 

photocurrent range (from previous design experience) was used as input to the 

amplifier for simulation. 

 

Figure 30:  (a) Schematic representation of the photodetector and 
amplifier circuit and (b) layout of the amplifier circuit. 

(a) (b) 
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Figure 31:  Simulation of the amplifier layout. 

 

4.5.3. Electrical test results 

Test equipment used includes a Keithley 4200 Semiconductor 

Characterization System, Keithley 236 Source Measurement Units, Tektronix 

Pattern Generator, and a microscope equipped with a red size and intensity 

adjustable light. 

Functional and control tests similar to those discussed for the design 

above were conducted to verify duplicated functionality. Overall, the chip’s 

behavior is consistent with simulation results. 

For photodetector and amplifier tests, a red laser cutter focusing light was 

used.  This light can be focused on the entire length of an electrode, with minor 
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overlap of other electrodes, and can be made to focus on only a 5 µm by 5 µm 

square of light on one electrode.  The light intensity is also adjustable. 

Preliminary testing showed that photodetectors controlled by circuits on 

one side of the chip did not work – in fact, the output current goes the opposite 

direction from that expected.  We discovered that the power supply line going to 

the amplifier circuits on that side had a 1.6 µm gap.  This break was large enough 

to pass the design rule check but small enough to miss on a 5’ plot of the layout.  

This mistake has been remedied and the design was refabricated for further 

testing. 

For the test results shown here, 50 of the photodetectors work as intended.  

Figure 32 shows the current output from a scan of photodetectors beneath 11 

consecutive electrodes (repeated for consistency) with the red light at high 

intensity in a rectangle 40 µm long (covering 3-5 electrodes) and 100 µm wide 

(along the length of the photodetectors).  Negative current proportional to light 

exposure is expected for correct functionality.  Notice that every other 

photodetector has positive current; this is due to the interdigitated nature of the 

electrodes and the fact that all of the circuits for the non-performing 

photodetectors are on the same side of the chip.  However, the photodetectors 

with control circuits on the other side of the chip work correctly.  The current 

output from a given photodetector is proportional to the light shining on it.  

Electrodes without the red light focused directly on them show a smaller current, 

and this is attributed to reflected and scattered light.   
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Figure 32:  Photocurrent output from a scan of photodetectors 
beneath 11 consecutive electrodes with the red light at high intensity 

in a rectangle 40 µµµµm long (covering 3-5 electrodes) and 100 µµµµm wide. 

 

Figure 33 shows the current output from a scan of 10 consecutive 

electrodes on the operating side of the chip with the red light at high intensity in 

a rectangle 20 µm long (covering 1-2 operating photodetectors) and 100um wide 

(along the length of the photodetectors).   In this scenario, the output current 

from the photodetector with the greatest light exposure is more than 2 µA.  Light 

generated from a chemical sample separated on the chip is expected to be much 

less than this, so much smaller amounts of light were used to test the least 

amount of light that can be detected.   
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Figure 33:  Photodetector/amplifier output from a scan of 10 
consecutive operating photodetectors with the red light at high 

intensity in a rectangle 20 µµµµm long and 100 µµµµm wide. 

 

Figure 34 shows the current output from a scan of 10 consecutive 

electrodes on the operating side of the chip with the red light at medium-low 

intensity in a rectangle 5 µm long (covering one operating photodetector) and 10 

µm wide (along the length of the photodetector).   In this case, the photodetector 

with the greatest light exposure had output current of approximately 500 pA.  

Adjacent photodetectors that measured reflected and scattered light showed 

current output of approximately 100 pA, and those further away showed less than 

100 pA.  Less than 100 pA approaches the noise floor of our test equipment, but a 

pre-amplifier would further improve the minimum light detectable by this 

system.  Many experiments using different sizes and intensities of focused light 

with different background light exposure were conducted, and in general, the 

current output from the photodetectors is proportional to the total light 
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exposure.  This behavior is expected, and this chip design is considered 

successful.  Two chips were tested with remarkably similar results.   

 

 

Figure 34:  Photodetector/amplifier output from a scan of 10 
consecutive operating photodetectors with the red light at high 

intensity in a rectangle 5 µµµµm long and 10 µµµµm wide. 
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5. Modeling 

Electrophoresis is a complex mechanism that involves an electric field 

influencing the movement of charged particles in a medium that is also under the 

influence of fluid flow and diffusive forces.  Experimental test results for our 

electrophoresis chip are difficult to interpret, so several models have been 

developed in an effort to better understand how the particles move and what 

signals they induce on the sense electrodes.  

When operating the proposed chip, it is expected that sample analytes to 

be separated will be premixed in a buffer solution that will be deposited on the 

separation area of the chip.  By manipulating the electric field affecting the 

sample, analytes will become separated within the buffer fluid.  For this mode of 

operation, results from the PWB prototype (Section 3.3) indicate that fluid flow 

does not have a large effect on the separation or detection of the analytes.  

Therefore, for the following analyses, fluid flow has been neglected, while the 

effects of the electric field on particles and the diffusion of particles within the 

buffer fluid have been studied. 

A one-dimensional, mixed-domain model was developed to determine 

electric field and diffusion effects on separating ions on the CMOS 

electrophoresis chip [56].  Later, the model was improved to be a quasi-two 

dimensional model that incorporates a more accurate calculation of the electric 

field and charge movements.  Finally, heuristics were used to add circuit and test 

equipment leakage effects to the model.    
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5.1. One-Dimensional Model 

First, an approximate static electric field one-dimensional analysis of the 

system was developed to elucidate the effects of the electric field and diffusion.  

For a given sample analyte, the electrophoretic mobility (dependant on charge 

and mass) and diffusion constant must be known.  The model solves the 

following equation: 

 
d

v
dt

µ= =r
E

�
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where v is the migration velocity of an analyte [cm/s], µ is the electrophoretic 

mobility of the analyte [cm2/V*s], and E is the field strength [V/cm] [18].  The 

electrophoretic mobility of a given analyte is a standard reference value 

proportional to the charge of the ion and inversely proportional to the friction 

coefficient [5].  

In the region between the two electrodes with forced voltages, the electric 

field (seen from COMSOL Multiphysics [46] simulations in Section 3.1 is 

relatively uniform, so we can easily make the approximation 

 µ= Ex

dx

dt
. 7 

Bands of analytes broaden as they move in electric fields, and the main 

cause of band spreading is diffusion, the movement of a substance from a region 

of high concentration to a region of lower concentration [5].  By Fick’s first law of 

diffusion in one dimension [5], 
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dc

J D
dx

= −
�

 8 

where J is the flux [mol/m2*s], D is the diffusion coefficient [m2/s], c is 

concentration [mol/m3], and x is the diffusion length [m], with 
dc

dx
 representing 

the concentration gradient [5].  If the concentration is expressed in terms of 

charge instead of moles, then we would calculate instead the units of charge that 

move in a simulated time step.   

The simulation space is discretized in x into locations of width ∆x.  All 

charges located at any point y within a given location lx are summed to find the 

charge concentration ρx at location lx.  The distance that a unit of charge moves 

due to electric field in a simulated time step ∆t can be calculated by  

 xx v t tµ∆ = ∆ = ∆E . 9 

Similarly, charge diffuses during a simulated time step ∆t such that 

 ( ) ( ) ( )1 1
, 1 1,

x x x x

x x x x x

c c c c
J J t D t

x
ρ − +

+ −

− + −
= + ∆ = − ∆

∆
. 10 

For the simulation, the electric field is assumed to be uniform between the 

electrodes where V1 and V2 are set and 0 everywhere else:  

 
2 1

1 2
2 1

,

0 ,

     

               

x

x

V V
x l x

x x

else

− < < −= 



E . 11 
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5.1.1. Results 

A simulation of charge movement in a sample with two similarly charged 

analytes of different mobilities is illustrated in Figure 35.  The charges begin the 

simulation concentrated in one discretized simulation space.  Output from the 

simulation shows the movement of two analytes through the work space.  

Figure 35(a) shows the charge concentration of two analytes immediately after 

the sample is deposited on the chip and the electric field is established.  

Maintaining a constant static field throughout the simulation, Figure 35(b), 

Figure 35(c), and Figure 35(d) show the movement of the charge concentration 

after 10 ms, 20 ms, and 30 ms, respectively.  From these figures, it is clearly seen 

that the blue sample has a higher mobility and diffuses less than the red sample.  

If the analytes start in a sharp peak, diffusion does not make much of an impact 

during this time scale.  Also in Figure 35(d), the positions of the electrodes are 

shown; the analytes can be detected when they are over an electrode.   
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Figure 35:  One-dimensional MATLAB simulation results.  (a) Charge 
distribution immediately after the sample is deposited on the chip 
and an electric field is established; (b) 10 ms after the sample is 

deposited; (c) after 20 ms; and (d) after 30 ms, with the positions of 
the electrodes shown beneath the graph [56]. 

 

5.1.2. One-dimensional simulation for DNA separatio n 

The one-dimensional model was used to simulate the on-chip separation 

of DNA [51].  Output from the simulation shows the movement through the 

separation area of 93 and 402 base pair fragments of E. coli obtained from a 495 

base pair fragment from the gene digested with AcsI, as illustrated in Figure 36.  

(a) (b) 

(c) (d) 
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Figure 36(a) shows the charge concentration of the 93 base pair and 402 base 

pair fragments 1.75 seconds after an electric field is established over the sample.  

The field moves dynamically with the sample along the separation region.  It is 

apparent from Figure 36(a) that a detectable separation is accomplished using 

less than half of the available separation length.  Figure 36(b) is a blow-up of the 

separated DNA fragments and the positions of the electrodes that would be used 

to detect the separation.  Figure 36(c) is a photograph of a DNA separation 

carried out in 0.8% agarose gel from which the DNA mobilities and diffusion 

constants were derived.  From these figures, it is clear that the 93 base pair 

fragment has a higher mobility and diffuses more than the 402 base pair 

fragment.  

DNA fragments have electrophoretic mobilities on the order of 105 

µm2/V*s, which is well within the range of mobilities that the proposed 

electrophoresis chip can separate.  The mobility of a given fragment is directly 

related to the number of base pairs in the fragment, because each additional base 

pair adds a given molecular weight (or mass) to the fragment.  The four base 

pairs found in DNA weigh an average of 660 grams/mole, so DNA fragments with 

close numbers of base pairs will have very similar mobilities.  For example, the 

2% difference in mobilities detectable by the current design (as determined in 

Section 3.2) corresponds to the ability to detect DNA fragments differing by more 

than approximately 103 base pairs.  Separating DNA fragments with closer 
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numbers of base pairs would require a longer channel length with the current 

electrode pitch or more electrodes within the currently designed length. 

 

Figure 36.  One-dimensional MATLAB simulation results for the 
separation of 93/402 base pairs of E. Coli DNA.  (a) Charge 

distribution of a detectable separation on the electrophoresis chip 
reached after 1.75 s, shown with the positions of the electrodes 

beneath the graph; (b) A blow-up of the separated DNA and positions 
of the electrodes; (c) Gel electrophoresis run in 0.8% agarose gel [51].  

(a) 

(b) (c) 
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5.2. Quasi Two-Dimensional Model 

The one-dimensional model is limited by the assumption of a uniform 

electric field everywhere between set voltages and the assumption that the 

charges in the fluid do not affect the field.  A quasi two-dimensional model was 

developed to address these issues by better quantifying the effects of a two-

dimensional, non-uniform field caused by charges within the field. 

An electrostatic modeling tool, such as COMSOL Multiphysics [46], can be 

used to model the material properties and electric field behavior under various 

conditions.  Such a tool can solve for the electric field in many materials 

(including device materials – substrate, epi layer, metal layers, and oxides) taking 

into account various properties (conductivity, permittivity, etc).  Circuit 

simulators, such as HSPICE [54], can be used to model circuit properties and 

behavior, including parasitic effects, with different inputs and noise models.  

Recently, several models of electrokinetic flow on microfluidic chips have been 

developed [47, 57].  However, as far as we are aware, no available modeling tool 

integrates electrokinetic simulation with circuit behaviors.  Our goal with this 

model is to predict the behavior of free charges in a fluid under the influence of 

an electric field, diffusion, and circuit leakage.  In all complex systems, 

assumptions and simplifications must be made in order to develop a model that 

provides the needed information in a reasonable time frame.  The following 

discussion describes such a model and how we went about developing it. 
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Simplified, the electrodes on the CMOS electrophoresis chip and the fluid 

on top containing ions can be viewed as a two-dimensional system.  COMSOL can 

be used to simulate two-dimensional systems, but as mentioned above, circuit 

parasitic effects would have to be neglected.  We propose another solution with 

significant reduction in time and effort required to model essential effects.  The 

benefit of our approach is the ability to co-simulate the electrophoretic effects 

with analog readout circuitry parasitic effects, all in MATLAB [58].  We must 

consider the fact that while the field is created by only two electrodes, the 

electrodes in between are still parasitically connected to ground. These effects 

must be modeled for adequate understanding of the behavior of the CMOS 

electrophoresis chip.  Our proposed model is quasi two-dimensional in that it 

strives to capture some two-dimensional behaviors while relying on one-

dimensional equations for MATLAB implementation.   

Fluid is deposited on the top of the chip and ions within the fluid have 

some initial distribution.  In testing the chip, drops of premixed solutions are 

deposited directly on the chip, resulting in an initial uniform distribution of ions; 

however, the implementation of the model should also be able to simulate some 

other pre-determined distribution.   

5.2.1. Calculation of migration velocity 

We assume the height of the fluid is small compared to the distance 

between the electrodes exerting voltages, so that the electric field between those 

electrodes is approximately uniform throughout the height of the fluid.  Figure 37 
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shows a COMSOL simulation indicating the approximately uniform electric field 

throughout the 50µm height of the fluid in the region between the forcing 

electrodes.  Figure 38 is an approximation of the field lines recognizing the 

relatively uniform electric field between the forcing electrodes and the change in 

direction of the field lines near and above the forcing electrodes.  The electric 

field is approximated as being uniform between the forcing electrodes and semi-

circular in the regions directly above the forced electrodes. 

 

 

Figure 37:  COMSOL Multiphysics simulation detailing the electric 

potential and field within 50 µµµµm tall fluid over 21 electrodes.  [A 
zoomed image of the simulation shown in Figure 3.]  The far left 

electrode is 5V and the far right electrode is 0V.  The electric potential 
is indicated by the color scale on the right, and the arrows indicate the 

direction and relative electric field strength. 
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Figure 38:  Approximate electric field lines in electrophoresis system. 

 

The simulation space is discretized in x into locations of width ∆x.  All 

charges located at any point y within a given location lx are summed to find the 

charge concentration ρx at location lx.  For this analysis, ρx is assumed to be an 

infinite sheet charge in the yz plane located at lx. 

In the region between the two forcing electrodes where we assume the 

electric field is uniform, the migration velocity (given in Equation 6) is expressed 

as  

 x

dx

dt
µ= E . 12 

However, in the region above the electrode, the field is two-dimensional.  Charges 

near the electrode experience a larger force in the y direction than in the x 

direction, and if the charge is the opposite sign of the charge on the electrode, 

then it will be attracted to the surface and stay there until the voltage on the 

electrode is changed.  We instead discretize this space in y into locations with 

uniform widths ∆y = ∆x.   
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Figure 39:  The region above the forced electrodes is discretized in y. 

 

We approximate the two-dimensional trajectory of a particle with one-

dimensional distance ∆d along the semicircular path of the electric field lines, as 

illustrated in Figure 39.  If an ion is in the first spatial location along the edge of 

the electrode, then the ion will travel  

 1

2

4
d y

Π∆ = ∆  13 

m at most to reach the electrode.  As stated previously, ∆y is the width of the 

spatial location and in this instance is the radius of the semicircle of the electric 

field line. 

If the ion is located in the next spatial location, then the maximum 

distance it would have to travel from there to the electrode is 

 ( )2

2
2

4
d y

Π∆ = ∆ . 14 

∆d1 ∆y 

∆d2 

∆dn 
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If the ion is located in the farthest spatial location from the electrode at 

“the top of the fluid,” then the maximum distance it would have to travel from 

there to the electrode is 

 ( )2

4n nd y
Π∆ = ∆ , 15 

where n is the number of spatial locations between the electrode an the “top of 

the fluid.” 

We assume 

 y =E E
�

. 16 

The time it takes a charge to travel the distance along the two-dimensional 

trajectory is found by 

 y

y

d d
t

t
µ

µ
∆ ∆= → ∆ =
∆

E
E

, 17 

and we can find its one-dimensional speed in the y direction by 

 
y

y

ydy y
v

dt t d

µ∆∆= = =
∆ ∆

E
. 18 

For d1 
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2
4

y

y

ydy

dt y

µ
µ

∆
= =Π Π∆

E
E . 19 

We calculate for d2 
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2 2
2

2
4

y

y
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µ
µ

∆
= =Π Π∆

E
E . 20 
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Finally, we calculate for dn 

 
( )

( )
2

2
4

y

y

n ydy

dt n y

µ
µ

∆
= =Π Π∆

E
E . 21 

We defined ∆d as the maximum distance a charge would travel in a given 

spatial region, but that is only true if the field is actually semi-circular.  If the field 

is actually linear (the shortest possible path), the maximum distance would be 

n∆y, and if the field were perfectly square along the boundaries of the spatial 

region (the longest possible path), then the distance would be at most 2n∆y.    

Considering this gives us a range of speeds: 

   in the range  0.5 0.64y y y

dy

dt
µ µ µ< <E E E . 22 

When we include this calculation in the model, it is convenient to rotate 

the region above the electrode 90° and include it in the array with the rest of the 

separation region.  By rotating the region 90°, the electrode now only occupies 

one spatial location in x, and we must decide where in x to represent the 

electrode.  For simplicity, the electrode occupies one location in the middle the 

locations it would occupy if modeled in x.  Given this assumption, the maximum 

distance traveled equations would be 0.78n∆y assuming the field is semicircular, 

0.5n∆y as the linear shortest possible path, and 1.5n∆y for the longest possible 

path.  This modifies our range of speeds to be  

 2  in the range  0.67 1.27y y y

dy

dt
µ µ µ< <E E E . 23 
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We choose to use the approximation 

  y

dy

dt
µ= E  24  

in the model because it is the most convenient value and within our range of 

reasonable approximations.  

We connect this region of two-dimensional field to the region of uniform 

one-dimensional field using the following reasoning.  In the farthest spatial 

location from the electrode at the “top of the fluid,” we approximated the electric 

field as EE
�

=y , but in fact, in this area ion movement in the y direction is 

limited by the physical barrier of the top of the fluid.  Charges will stay within the 

fluid, so the direction of the electric field in this location is mostly in the x 

direction.  Ions moving away from the electrode will end up in the upper corner 

closest to the one-dimensional field region before crossing into that region.  To 

model this behavior, we assume that charges can move seamlessly between this 

uppermost spatial location above the electrode (n∆y) and the leftmost spatial 

location in the uniform one-dimensional region (1∆x).  

5.2.2. Calculation of voltage and electric field 

Due to the nature of the system, we decided to calculate the voltage 

distribution from the charge distribution and to calculate electric field from the 

relative voltage distribution.  Charged particles in the fluid then move depending 

on the strength of the electric field at their spatial location and their 

electrophoretic mobility.  Figure 40 is a flowchart of the model algorithm.  
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Figure 40:  Flowchart of the model algorithm. 

 

  It is very likely that the voltage distribution calculated from the charge 

distribution in the fluid will not be consistent with the two voltages set on the two 

‘force’ electrodes, which must have fixed voltages during the simulation.  The 

issue of how to reconcile the forcing electrode voltages with the voltage 

distribution determined from the charge distribution must be solved for model to 

some distribution of charge 

voltages are set on 2 electrodes 

relative voltage is calculated for all points in the system 

(using 2 set voltages and charge distribution) 

calculate electric field at all points 

calculate current on electrodes with set voltages 

move ions based on field and ion properties 

calculate total charge at all points 

(free ions and fixed charge from potentials) 
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be successful.  We decided to implement the force electrode voltages by 

calculating an effective “fixed” charge at the spatial location of the electrode that 

produces an equivalent relative voltage, as pictured in Figure 41.  This “fixed” 

charge has three important properties.  First, it influences the electric field 

calculation.  Second, it cannot move under the influence of the electric field like 

charges within the fluid.  Third, it must be allowed to change to make sure that 

the simulated voltages at the force electrode locations match the preset voltages 

at those electrodes.   

 

Figure 41:  Illustration of “fixed” charges that produce the correct 
voltage on the forcing electrodes relative to particles in the fluid. 

 

With the sample concentration and location and magnitude of the forcing 

voltages as inputs to the model, we know the charge concentration at every 

location except where voltages are set and we know the magnitude and location 

of the two voltages that are set.  From this we will determine both the net charge 

concentration and electric potential (voltage) at every spatial location in the 

simulated space. 

+
 +

 +
 +

 +
 +

 +
 +

 

- 
- 
- 
- 
- 
- 
- 
- 
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Figure 42:  One-dimensional simulation space. 

 

In the figure, we represent our one dimensional simulation space as a 

vector of infinite sheet charges, ρ and an associated potential vector, V.  From our 

definition, two potentials are known, Va and Vb at locations xa and xb, 

respectively.  The relative potentials at every other location in the simulation 

space are initially unknown.  Additionally, ρa and ρb at locations xa and xb are 

unknown, but the charge concentrations at every other location in the simulation 

space are known.  These known charge concentrations all have an effect on the 

values of the unknown charges and on the potential distribution, and that effect 

depends on the location of the known charge with respect to the two fixed-voltage 

electrode locations.  The known charges are located either to the left, in between, 

xa xj xk xi xb 

ρk ρb ρi ρa ρj 

Infinite Sheet Charges 

Vk Vb Vj Va Vi 
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or to the right of both force electrodes. To characterize the three different effects 

based on the three possible locations, we use the representative charges ρi, ρj, and 

ρk in our calculations.  Outside the “edges” of our simulation space, we assume 

that the electric field and net charge concentration are zero – effectively 

assuming our system is self-contained.  In summary, looking at the figure, Va and 

Vb are known, ρi, ρj, and ρk are known, Vi, Vj, and Vk are unknown, and ρa and ρb 

are unknown.  We assume that the set voltages are given relative to some ground 

potential, and all calculated voltages are relative to that same ground. 

To determine all of the unknowns, there are two potential methods of 

calculation: direct evaluation and calculation based on Gauss’s Law.  The direct 

evaluation method involves parallel computation of the voltages based on all the 

charges and relies on the superposition property of voltages.  The Gauss’s Law 

method is a series computation of the voltages. 

5.2.2.1. Direct evaluation 

Electric potential, V, is a scalar quantity related to the work done in 

moving a charge from one point to another in an electric field [59]  

 V−∇=E . 25 

The potential difference, or electrostatic voltage, between points P2 and P1 

is defined as [59] 

 ∫ ⋅−=− 2

1
12

P

P
dlVV E . 26 

In the one-dimensional case, this becomes 
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 ( )
1212 PP xxVV −−=− E . 27 

In this analysis, voltage and potential difference are used interchangeably 

and always refer to the voltage with respect to a ground reference. 

We have defined our problem to be one-dimensional where points of 

charge are effectively infinite sheet charges.  The electric field induced by such a 

sheet charge in the yz plane is [60]  
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The superposition principle states that the electric potential due to a 

system of sheet charges is the sum of the potentials due to the individual sheet 

charges [59].  Referring to our definition of the problem in Figure 42, we assume 

that ρa is equal to -ρ and that ρb is equal to ρ (ρ > 0), and we analyze the problem 

with ρi, ρj, and ρk in the space one at a time.   

First, we consider no charges in the system other than the “fixed” charges 

(ρa and ρb) due to the forced electrode voltages (Va and Vb).  We assume that the 

voltage forced by the external supply is the voltage on the electrode and in the 

fluid at the electrode’s spatial location.  Using superposition to determine E, we 

first consider ρa, which is produced by Va, then consider ρb, which is produced by 

Vb, and finally add their contributions together (Figure 43).  We find that, with no 

other charges in the system, between ρa and ρb   

 
ε
ρ−=E   [V/m], 29 
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and E = 0 V/m outside both ρa and ρb.  Using this with Equation 27 and we find 

that 

 
ab

ab

xx

VV

−
−

=
ερ )(

. 30 

 

Figure 43:  Superposition is used to determine the electric field due to 
two fixed charges. 

 

Next, we analyze the problem with one of the representative charges added 

to the system: ρj, which is located between ρa and ρb.  If Va and Vb are to remain 
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unchanged, then ρa and ρb must change from their previously calculated values of 

–ρ and +ρ in order to uphold our assumption that the electric field and net 

charge concentration outside the system are zero.  We assume 

 jja ρδρρ −−=  31  

and 

 ( ) jjb ρδρρ −−= 1  32  

so that 

 0=++ jba ρρρ . 33 

We then use Equations 27 and 28 with electric field superposition 

principle to find  

 
( )( )aj

bja
aj xxVV −

−−
−=−

ε
ρρρ

2
 34 

 
( )( )jb

bja
jb xxVV −

−+
−=−

ε
ρρρ

2
. 35 

Combining Equations 31, 32, 34, and 35 gives 

 
( )( ) ( )( )jb

jjj
aj

jj
ab xxxxVV −

−+
+−

+
=−

ε
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ε
ρδρ

. 36 

Solving for δj leads to 
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Recall the value of ρ from Equation 30, and we find that 
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We follow the same procedure for the problem with ρa and ρb and some ρi 

to the left of both sheet charges.  Equations 31, 32, and 33 still hold if subscript i 

is substituted for subscript j.  We again use Equation 27 to find  

 
( ) ( )ia
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−=−

ε
ρρρ

2
 39 
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. 40 

Combining Equations 31, 32, 39, and 40 gives 
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Solving for δi leads to 
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Recall the value of ρ from Equation 30, and we find that 

 1=iδ . 43 

Finally, the same procedure is followed with ρk as the added charge to the 

right of ρa and ρb.  Equations 31, 32, and 33 still hold if subscript k is substituted 

for subscript j.  We again use Equation 27 to find  
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Combining Equations 31, 32, 44, and 45 gives 
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( ) ( )ab

kk
ab xxVV −
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ε
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. 46 

Solving for δk leads to 
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Recall the value of ρ from Equation 30, and we find that 

 0=kδ . 48 

If we combine these three scenarios, Equations 31, 32, and 33 become  

 kkjjiia ρδρδρδρρ −−−−=  49  

and 

 ( ) ( ) ( ) kkjjiib ρδρδρδρρ −−−−−−= 111  50  

so that 

 0=++++ kjiba ρρρρρ . 51 

Using the values of δi, δj, and δk found above, we realize that  
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and 
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Remember that ρi, ρj, and ρk are representative charges.  Equations 52 and 

53 illustrate the different effects that charges at different locations in the fluid can 

have on the “fixed” charges associated with the forced electrode voltages (Va and 
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Vb).  Qualitatively, Equations 52 and 53 confirm that any charge to the left of the 

set voltages only affects ρa, any charge to the right of the set voltages only affects 

ρb, and any charge between the two affects them both proportionately to its 

relative location between them.   

To generalize the above solution to many free charges distributed in the 

fluid around the fixed-voltage electrodes, we define a vector ρ�  of charge 

concentrations at all locations in the simulation space from 1 to n.  Knowing that 

ρ�  is equal to some pre-defined charge distribution everywhere except at the 

locations that correspond to the fixed voltages, xa and xb, we can find the “fixed” 

charges at those locations using 

         [ ] ( )
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and 
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This vector ρ�  of charge concentration is used to determine the relative 

voltage throughout the discretized simulation space.  The voltage Vcm at an 

arbitrary location xc due to a charge ρm at location xm is equal to  

 
mc

m
mcm xxVV −−=

ε
ρ
2 . 56 

Using the voltage superposition principle, we can add all the voltage 

contributions from each spatial location to find voltage Vc at location xc  
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If the space is discretized into uniformly spaced locations with resolution x∆ , 

then Equation 57 becomes 

 ∑
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. 58   

 This set of simultaneous equations can be solved and implemented in 

MATLAB [58]  using a matrix-based approach.  We define a vector V
�

 of voltages 

as 
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and Equation 58 becomes 
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Solving for V
�

 leads to 

 [ ] 






 ∆−= − ρ
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BIA
2

1 x
V , 63 

and the voltages are adjusted to make them with respect to the externally forced 

voltage,  which is implemented in our MATLAB simulation (see Appendix). 

5.2.2.2. Gauss’s Law calculation 

The Gauss’s law approach relies on modeling charges as infinite sheet 

charges and on the fact that the field to the left and to the right of the system is 

zero. Using these assumptions, one can use Gauss’s law to incrementally calculate 

the field between consecutive sheet charges.  

Gauss’s law states that the outward flux of the electric field through any 

closed surface is equal to the total enclosed electric charge, mathematically [59] 

 enclosed

s

Qd =⋅∫ sEε . 64 
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Figure 44:  Gauss’s Law for an infinite sheet charge. (Based on [60]). 

 

In Figure 44, an infinite sheet charge of ρs C/m2 is located at x=0.  The 

Gaussian surface chosen is a rectangular surface extending to the right and left of 

the plane, so that the electric field is parallel to the sides of the surface (so 

contributes nothing there) and is perpendicular (and uniform) to the front and 

back surfaces.  Choosing this surface leads to 
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if the front and back surfaces have area A. 

The total charge enclosed by the surface is 

 AQ senclosed ρ= . 66 

Therefore, the electric field is 
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For our model, we derive equations for the electric field in the various 

regions between sheets of charge, essentially between “parallel plates”.  The 

electric field solution is parametrically dependant on the unknown “fixed” 

charges.  By integrating the electric field and using the known voltages, Va and Vb, 

the unknown “fixed” charges can be determined.  Then we can calculate the 

relative voltage throughout the space and the electric field distribution. 

A series solution to the above problem readily presents itself. Since the 

electric field is zero to the left of the system (the system is charge neutral), the 

electric field between the first and second sheet charges is determined only by the 

first sheet charge using  
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. 68 

Using this idea, we can find E in each region between each infinite sheet 

charge by progressively stepping from left to right, and we only need to know 

what the value of any added sheet charge as we pass it. For clarity, different 

regions are indexed differently, using i to the left of both forced voltages, j 

between, and k to the right of the forcing electrodes (see Figure 45). 
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Figure 45:  Simulation space with Gauss’s Law method. 

 

Using Equations 27 and 69 and superposition, 

 
( ) ( ) ( )( )jb

jai
aj

ai
ab xxxxVV −

++
−−

+
−=−

ε
ρρρ

ε
ρρ

. 70 

We can solve for ρa and find that 
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which is exactly the same as Equation 52, found from the direct evaluation 

method.  Additionally, for accounting for charges in all spatial locations 
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Because we have assumed that the net charge concentration within the 

simulation space is zero, we have 

 0=∑
m

mρ  73 

and  

 0=+∑
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b
bm

m ρρ  74 

so 
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For voltage, we write the series (using Equation 27) 
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which leads us to 
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for any voltage Vc in the in separation region. 

If the space is discretized into uniformly spaced locations with resolution 

x∆ and we assume that every location has a defined charge (even if that charge is 

zero), then 
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This is different from the voltage equation found in the direct evaluation, 

because solving the equation only requires knowing the voltage immediately to 

the left and all of the charge located to the left of the location under question.  

This equation can be solved sequentially, as opposed to the previous definition, 

which required simultaneous solving. 

We implemented this model with in MATLAB, again solving with matrices.  

We reuse vector V
�

 of voltages from Equation 59, and Equation 78 becomes 
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which is implemented in our MATLAB simulation (see Appendix). 

5.2.3. Calculation of electric field and charge mov ement 

Once V
�

 is found, the electric field is easily solved by Equation 25.  Then, 

the migration velocity found in Equations 12 and 24 multiplied by the simulation 

time step gives the distance that charges move in a time step.  Diffusion is 

calculated in each time step using the same model as in the one-dimensional 

model.  

5.2.4. Quasi two-dimensional model results 

To simulate a separation, an electric field is established to separate and 

concentrate a uniform distribution of ions, and then it is reversed and moved 

slightly to encourage faster movement of either the positive or negative ions.  For 

this scenario, to start no voltages are set so the system can initialize.  SENSE0 is 

set to electrode 9 and SENSE1 is set to electrode 11 for the duration of the 

simulation.  At 0.2 s into the simulation, 1 V is forced on electrode 6 and 2 V is 

forced on electrode 16.  After about 2 s, at 2.3 s into the simulation, 1 V is forced 

on electrode 17 and 2 V is forced on electrode 7.  Negative ions should 

concentrate near electrode 16 and positive ions should concentration near 

electrode 6 during the first setting, and then they should migrate in the opposite 

direction during the second setting.  Because the second setting is offset by one 

electrode from the first, we expect the negative ions to begin moving fastest, since 
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they are in the full strength of the field.  The positive ions still experience some of 

the field, so they will move slowly until they pass electrode 7 and are fully in the 

field.  Figure 46 shows the voltage and electric field distributions for several time 

steps across the separation region for this simulation.  As seen in Figure 46(a), 

moving charges induce a voltage change, and consequently an electric field 

change, in the distributions.     

 

 

Figure 46:  Voltage and electric field distributions across the 
separation region for a sample separation simulation. 

 

Figure 47(a) shows the positive and negative charge locations at different 

time steps during the simulation.  The times shown occur after the electric field is 

reversed.  Figure 47(b) shows the induced voltages on several electrodes in the 

work space for the entire simulation time.  As can be seen, migrating charges 

induce voltage changes that can easily be detected.  

(a) (b) 
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Figure 47:  Charge concentration at various times and the voltage on 
several electrodes throughout the simulation.  (a) Positive and 

negative ions do separate and concentrate during the first setting and 
they move across the work space during the second setting.  (b) The 
moving concentrated ions can be detected by voltage changes on the 

sense electrodes. 

 

This model was also used to simulate the PWB test described in 

Section 3.3.  The test data and simulation results are reproduced in Figure 48.  

Comparing the two graphs leads us to believe that the model we have developed 

is a reasonable approximation of the charge movement on the system and the 

induced voltages that can be sensed. 

 

(a) (b) 



 

104 

 

Figure 48:  Comparison of (a) experimental data and (b) simulation 
results for the PWB test. 

 

(a) 

(b) 
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5.3. Circuit leakage model 

A model of the charge leakage through the circuits and test equipment was 

developed and incorporated into the quasi two-dimensional model.  The leakage 

model was empirically determined using data from a variety of experiments.  The 

electrophoresis chip was programmed to connect the force and sense lines 

together in different configurations through the same electrode on the chip.  By 

setting a force and sense line to the same electrode, the external supplies are 

connected together through the circuit (see schematic in Figure 49).  With the 

sense line reflecting the voltage on the force line, the forcing voltage is 

disconnected, and the rate of discharge of the voltage on the sense line gives us 

information about the parasitic charge leakage and RC time constants in the 

circuits and test equipment.  For example, F2 and S0 are set to the same 

electrode with F2 as a voltage source at 1 V, and S0 as a 0 A voltmeter. Then F2 is 

disconnected from the electrode and the decay in the S0 voltage indicates the 

amount of charge leakage through the circuits connected to that electrode and in 

the external source controlling S0.  Several such experiments were conducted so 

that an equivalent circuit model could be determined. 
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Figure 49:  Circuit schematic showing force and sense lines can be 
connected through an electrode. 

 

Figure 50:  Equivalent circuit model of the parasitic effects of the 
electrophoresis chip and test equipment. 
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An equivalent circuit model of the parasitics effects of the electrophoresis 

chip circuits and test equipment was developed, as shown in Figure 50.  In this 

case, the test equipment used for sensing is a Keithley 4200 source measurement 

unit.  The Keithley has some offset and internal capacitance and resistance, 

represented in the model by Voffset, Csmu, and Rsmu, respectively.  On the chip, each 

electrode has a capacitance to ground, Celectrode, and is connected to four sources 

and drains of transmission gate NMOS and PMOS pairs when all of the 

transmission gates to the external sources are off (switches open).  For each 

external source connected to an electrode, the electrode is connected to another 

source and drain pair on the transmission gate (switch closed) and the reverse-

biased PN junctions in the static protection circuit connected to the bond pad.  

The currents from the reverse-biased PN junctions of the source-substrate and 

drain-nwell junctions on a transmission gate are in opposite directions and so 

offset one another somewhat, but there is still a net current due to the difference 

in electron and hole mobilities.  The net leakage current due to transistor sources 

and drains is represented by a reverse-biased diode Dsd with saturation current 

Isd, and the net leakage current due to the PN junctions of the protection circuits 

of the bond pads is represented by a reverse-biased diode Dpad with saturation 

current Ipad.  Rwire represents the resistance between the fluid (if any) and 

electrode, through the electrode, through the switch, and to the test board.  The 

force voltage is assumed to be an ideal voltage source. 



 

108 

The switch in Figure 50 represents the example experiment described 

above in which F2 (source) and S0 (measure) are connected to the same electrode 

and F2 is subsequently disconnected to observe the decline of the electrode 

voltage due to all of the above mentioned leakage elements with the S0 voltage 

measure unit.  In another experiment, the F1 and S0 nodes are both connected to 

the same external measure unit and connected to the same electrode as F2 source 

unit.  F2 is then disconnected, and the decline of the electrode voltage due to the 

combined F1 and S0 paths is observed.  The schematic for this test is essentially 

the same as the one shown in Figure 50, except there are two Rwires in parallel, 

two Dpads, and Isd is slightly larger due to an extra source drain pair.  In yet 

another test, the sense voltage test wire is physically removed from the test setup 

and chip to characterize only the leakage in the Keithley 4200, represented by the 

different switch location in the equivalent circuit model shown in Figure 51. 

 

 

Figure 51:  Equivalent circuit model used to test the parasitic effects of 
only the test equipment.  
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The best-fit values of the equivalent circuit elements were determined 

from the experimental results and are given in Table 3.  The minimum diode 

saturation current was calculated analytically using material properties for the 

AMI 1.5 µm CMOS process [61] to be approximately 1.5 fA per PN junction pair.  

However, this analytical value assumes the PN junctions are in complete 

darkness, which is not the case for these experiments.  To allow for increased 

light-induced reverse-bias currents in the diodes, the best-fit diode saturation 

current values are ultimately much higher.  

 

Table 3:  Best-fit values of the equivalent circuit elements 
representing parasitic effects in the chip circuits and test equipment. 

Equivalent circuit element best-fit value 
Voffset 0.5 V 
Csmu 23 pF 
Rsmu 1.17 TΩ 
Celectrode 0.1 pF 
Isd 500 fA 
Ipad  2 pA 
Rwire 1 kΩ 

 

Graphs comparing the sense voltage in experimental data to the equivalent 

circuit model are shown in Figure 52.  Figure 52(a) is a graph for the first 

scenario, in which F2 and S0 are connected to the same electrode and then F2 is 

disconnected.  Figure 52(b) is the second scenario, in which F1 and S0 on the chip 

are connected to the same sense unit; they are connected to the same electrode as 

F2 and then F2 is disconnected.  Figure 52(c) is the third scenario, in which the 

voltage measure unit is disconnected from the electrode while the voltage source 
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unit is still connected to that same electrode (through the F2 line). This scenario 

allows us to characterize only the source measurement unit’s leakage.  In all three 

graphs, time t=0 s is when F2 is disconnected from the sense line.  For all three 

scenarios, the equivalent circuit model is a good approximation of the actual 

leakage through the chip elements and test equipment. 

 

 

Figure 52:  Comparison of parasitic model to experimental data. 
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We also want to characterize the parasitic leakage that occurs on an 

electrode that is not connected to test equipment.  This cannot be experimentally 

determined (as connecting test equipment is exactly what we do not want to do), 

therefore we must only rely on the model.  Figure 53 shows a schematic of an 

equivalent circuit model for the parasitic elements on an electrode not connected 

to sensing test equipment.  Figure 54 shows the results of simulations run on the 

model.  Two values of Isd were simulated – 400 fA is the diode saturation current 

representing four source-substrate and drain-nwell PN-junction pairs found in 

the best-fit model above, and 2 fA is a best-case diode saturation current possibly 

achievable by operating the electrophoresis chip in complete darkness. 

 

 

Figure 53:  Equivalent circuit model of the parasitic leakage on 
an electrode not connected to test equipment. 
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Figure 54:  Simulation of the effect of parasitic leakage on 
electrodes not connected to test equipment. 

 

There is cause for some concern at the speed of charge leakage and voltage 

decline of the electrode.  Under light conditions similar to that in the experiments 

above, voltage on an electrode on the chip that is not connected to test equipment 

can fall to 0 V in less that 0.2 s.  Even operating the chip in complete darkness to 

reduce the diode photocurrent by up to two orders of magnitude, voltage on an 

electrode can still fall to 0 V in approximately 0.5 s.  This simulation assumes that 

the electrode is charged to a certain voltage, and then the source of the voltage is 

disconnected.  In separation experiments this is not entirely the case, as fluid will 

remain on the electrode, and the voltage should not completely fall to 0 V as long 
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as enough charge remains in the fluid.  The charge leakage from the electrode 

will, however, affect the voltage on the electrode and, consequently, the electric 

field in the fluid.   

5.3.1. Derivation of model equations 

The equivalent circuit models, one for sense electrodes connected to test 

equipment and another for electrodes not connected to test equipment, must be 

captured in equations to include them in the quasi two-dimensional model.  For 

these models, we no longer assume that the fluid is at the same potential as the 

electrode, except on the two forcing electrodes.  (The external supplies will allow 

the current to vary in order to supply a constant voltage.)  Instead, there is a 

potential drop across Rwire, which represents the resistance between the fluid and 

electrode and along the electrode to the circuits.  In each time step, charge on the 

electrode (capacitance) leaks to ground through the diode, and the amount of 

leakage varies with the charge in the fluid.  Charge is not actually taken from or 

added to the fluid; the movement of charge due to leakage is accounted for as 

“fixed” charge at the spatial location of the electrode recall Section 5.2.2).  If 

positive charge is “leaked” from the fluid to the electrode, it is implemented as 

negative charge moving from ground to the spatial location of the electrode, for 

the same effect on the voltage distribution.  If instead positive charge “leaks” 

from the electrode to the fluid, this implies the capacitor is storing too much 

charge and some of the positive charge is moved from the capacitor to the spatial 

location of the electrode.  The goal is to calculate the voltage on the electrode, 
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Velectrode, given the voltage in the fluid, Vfluid, and to move the appropriate amount 

of “fixed” charge to account for Velectrode so that it influences the next calculation 

of Vfluid.   

5.3.1.1. Electrodes not connected to test equipment  

First, we consider electrodes not connected to test equipment represented 

by the model in Figure 53, which is relabeled for reference in Figure 55. 

 

Figure 55:  Equivalent circuit model of the electrode not connected to 
test equipment. 

 

Looking at Figure 55, it is easy to use Kirchoff’s current law (KCL) [62] to 

find 

 leak cap diodeI I I= +  83 

and Ohm’s law [62] to find 
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The derivative form of the voltage-current relationship for a capacitor [62] gives 
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The current through a reverse-biased diode can be written as [63] 

 ( / )(1 )−= − tV V
diode sdI I e  86 

where 

 26 mVt

kT
V

q
= ≈  87 

at room temperature. 

We combine Equations 83, 84, and 85 to arrive at 

 
fluid electrodeelectrode

electrode diode

wire

V VdV
C I

dt R

−
= − . 88 

In Equation 88, variables Celectrode and Rwire are known from the fitted model, 

Idiode can be calculated using Equation 86 with Isd known from the model, and 

Vfluid is known for a given time step.  In the quasi two dimensional model, the 

Vfluid value at time step ‘n’ is calculated from the charge distribution in time step 

‘n-1’.  Thus, we must solve for Velectrode.  Equation 88 is a first-order linear 

differential equation and can be rearranged into the standard form for finding the 

integrating factor [64]: 

 
fluidelectrode electrode diode

wire electrode wire electrode electrode

VdV V I

dt R C R C C
+ = − , 89 

for which the solution is 
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For a single simulated time step ∆t  
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Now that we know Velectrode, we can calculate the leakage current and the 

amount of charge transfer.  To calculate the current on the capacitor, we take the 

derivative of Equation 90 (assuming Vfluid is constant) and substitute it into 

Equation 85, which gives 

 ( ) ( 0)

1
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R C

cap t electrode t fluid diode wire
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I V V I R e
R

 −
 
 

= = − − +  . 92 

The amount of charge that moves to charge or discharge the capacitor in one 

simulated time step (from t to t+∆t) is  
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Integrating gives 
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Using Equation 90, we can substitute the limits in Equation 94 and solve for Qcap 

as a function of Velectrode(t-1): 

 ( )( 1) 1wire electrode

t

R C

cap electrode electrode t fluid diode wireQ C V V I R e

 −∆
 
 

−

 
 = − + −
 
 

. 95  

Using the current through the diode given in Equation 86, we find the resulting 

charge movement in a time step is 

 diode diodeQ I t= ∆ . 96 
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The total amount of “fixed” charge movement in a time step is 

 total cap diodeQ Q Q= + . 97 

5.3.1.2. Sense electrodes connected to test equipme nt 

Next, we consider the sense electrodes, which are connected to test 

equipment.  The equivalent circuit model is presented in Figure 50 and is 

relabeled Figure 56 for reference.  For this analysis, diodes Dpad and Dsd have 

been combined into one diode Dpad+sd.  Although the circuit is somewhat more 

complex, the method used to derive the circuit system equations is the same as 

that used above. 

 

Figure 56:  Equivalent circuit model of a sense electrode connected to 
test equipment.  
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Using Ohm’s law and the derivative form of the capacitor equation leads to 
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but Voffset is constant, so its derivative of zero simplifies the equation to 
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We combine Equations 84, 85, 98, and 101 to arrive at an equation for 

Velectrode 
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for which Vfluid is a known constant, circuit model parameters Csmu, Celectrode, Rsmu, 

Rwire, and Voffset are known, and Idiode can be calculated from model parameter 

Dpad+sd.  The equation can be rearranged (to make the time constant value clear) 

into 
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and its solution is 
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For a single simulated time step ∆t 

 

( )

( )
( )

1

wire smu

wire smu electrode smu

offset fluid wire smu
diode

smu wire wire smu

electrode R R t

R R C Coffset fluid wire smu
electrode diodet

smu wire wire smu

V V R R
I

R R R R
V

V V R R
V I e

R R R R

 − + ∆
  + 

−

 
+ − +  + 

=
  

− + −   +   

.105 

Now that we know Velectrode, we calculate the leakage current and the 

amount of charge transfer from the fluid.  Starting with the current on capacitor 

Celectrode, we take the derivative of Equation 104 and substitute it into Equation 85

, which gives 
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The amount of charge that moves to charge or discharge the capacitor in one 

simulated time step (t to t+∆t) is  
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With the help of Equation 104, we can solve for Qcap as a function of Velectrode(t-1): 
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To find the current on capacitor Csmu, we take the derivative of Equation 104 and 

substitute it into Equation 101, which gives 
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The amount of charge that moves to charge or discharge the capacitor 

representing the external test equipment in one simulated time step (from t to 

t+∆t) is  
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It can be shown that the charge transfer amount in the time step from t to t+∆t 

Qsmu depends only on the ∆t time step and previous electrode voltage Velectrode(t-1) 
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The charge movement in a time step due to current through the diode is the same 

as given in Equation 96, and the total amount of “fixed” charge movement in a 

time step is 

 total cap diode smuQ Q Q Q= + + . 112 

Qcap and Qsmu depend on the voltage at the electrode at the previous time step 

(Velectrode(t-1)) and the time step ∆t, and Qdiode only depends on the time step ∆t.  

5.3.2. Circuit leakage model results 

Simulations that account for CMOS circuit parasitics and measurement 

instrumentation limitations for the electrophoresis on a chip system have been 

conducted.  

The same simulation scenario as in Section 5.2.4 is presented here.  To 

simulate a separation, an electric field is established to separate and concentrate 

a uniform distribution of ions, and then it is reversed and moved slightly to 

encourage faster movement of either the positive or negative ions.  For this 

scenario, to start no voltages are set so the system can initialize.  SENSE0 is set to 

electrode 9 and SENSE1 is set to electrode 11 for the duration of the simulation.  

At 0.2 s into the simulation, 1 V is forced on electrode 6 and 2 V is forced on 

electrode 16.  After about 2 s, at 2.3 s into the simulation, 1 V is forced on 

electrode 17 and 2 V is forced on electrode 7.  Negative ions should concentrate 

near electrode 16 and positive ions should concentration near electrode 6 during 

the first setting, and then they should migrate in the opposite direction during 

the second setting.  Because the second setting is offset by one electrode from the 
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first, we expect the negative ions to begin moving fastest, since they are in the full 

strength of the field.  The positive ions still experience some of the field, so they 

will move slowly until they pass electrode 7 and are fully in the field. 

The voltage distribution and electric field distribution across the 

separation region are shown in Figure 57 for several time steps.  Compared to 

Figure 46, which shows the same scenario without the parasitic model included 

in the simulation, Figure 57 shows the effects that circuit and test equipment 

leakage has on the voltage and electric field distribution.  As Figure 58(a) shows 

with positive and negative charge locations at different time steps during the 

simulation, charges still migrate in the field despite the circuit leakage.  Figure 

58(a) shows that moving charges still induce a voltage change that can be sensed 

by the electrodes.     

Circuit and test equipment leakage does, however, have a substantial effect 

on the voltage and electric field distributions after longer periods of time that the 

above simulation covered.  Figure 59 shows the voltage and electric field 

distributions for a simulation 30 s long.  
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Figure 57:  Voltage and electric field distributions across the 
separation region for a sample separation simulation including 

circuit and test equipment parasitics. 

 

 

Figure 58:  With circuit and test equipment parasitics included in the 
model, (a) positive and negative ions still separate and concentrate 
during the first setting and migrate across the work space during the 
second setting, and  (b) the moving concentrated ions can be detected 

by voltage changes on the sense electrodes. 

 

(a) (b) 

(a) (b) 
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Figure 59:  A longer sample separation simulation including circuit 
and test equipment parasitics has a more noticeable effect on the 

voltage and electric field distributions across the separation region. 

 

5.4. Applicability of the model  

The model developed in this chapter is can be used for many other 

simulations than just the ones shown here.  The dimensions of the system and 

applied voltages can be changed, as can the locations of the electrodes.  The 

resolution and time step used for the simulation can be changed to provide fast 

results or slower, more precise results.  Additionally, the simulations discussed 

above are for ionic fluids, but the model is also applicable for simulation of other 

types of samples and analytes.  The only model variables sensitive to the analyte 

are the diffusion constant and the electrophoretic mobility (which take into 

account the analyte’s mass and charge and the fluid’s frictional resistance).  These 

input values can be adjusted for other analytes.   

(a) (b) 
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For example, neurotransmitters dopamine and catechol are commonly 

used in the literature to test electrophoresis chips [16, 26, 27, 36, 37, 65].  In a 

buffer that maintains a pH between 6 and 7, dopamine and catechol are positively 

charged with different electrophoretic mobilities.  Their mobilities and diffusion 

constants can be input into this model to reasonably simulate their behavior on 

this electrophoresis chip.   

The model was developed to explain experimental results for this 

electrophoresis chip; however, it is built with enough flexibility to explore other 

related scenarios or similar systems.  The geometry, layout, and number of the 

electrodes can be modified without any change to the governing equations.  If 

electrodes are connected to different circuits that perhaps have better leakage 

characteristics, the equivalent circuit resistances, capacitances, and diode 

currents can also be modified without changes to the equations.  With slight 

modification, the purpose of the electrodes could be changed (more than two 

forcing electrodes, more than two sensing electrodes, etc).  It is a tool to explore 

the movement of charged particles in an electric field produced by voltages set on 

electrodes and allows voltages induced by the charge movement to be sensed by 

other electrodes.  
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6. Experimental Testing and Results 

Once the chip was received from the foundry, it was physically 

characterized to ensure the purposeful design rule violation of using the bond pad 

overglass cut to create the separation region was fabricated as expected.  

Packaging methods needed to be developed, including a process for depositing 

and cleaning fluid on the chip.  Various test setups were tried until the optimal 

setup was found.  Finally, selected results are presented and discussed, including 

unexpected findings and steps taken to mitigate the shortcomings.   

6.1. Chip Characterization 

Before testing, the fabricated chips were first characterized to be sure they 

were manufactured as expected.  Special attention was paid to the separation 

region in the middle of the chip because of the premeditated design rule violation 

to expose the metal electrodes by using the overglass etch reserved for glass 

openings over bond pads.  The overglass etch usually stops when it gets to the 

metal of the bond pads, but in our separation region, the etch would also cut 

down into the silicon dioxide (field oxide).  Several methods were used to verify 

that the metal electrodes are exposed and to characterize how deep the etch went, 

including digital microphotographs, fluorescence microscopy images, optical 

profiling, and scanning electron microscopy (SEM) images. 
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6.1.1. Digital Microphotograph 

First, a digital microphotograph of the chip was taken, as shown in 

Figure 60.  The overglass cut over the separation electrodes is indicated in the 

figure.   

 

Figure 60:  Microphotograph of the fabricated electrophoresis chip. 

 

 

The edge of the 
overglass cut is 

indicated by 
the arrows. 
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6.1.2. Fluorescence Microscope images 

Angled reflection images of the separation region were taken on a Zeiss 

Lumar.V12 stereoscope available in the Duke University Light Microscopy Core 

Facility [66], shown in Figure 61.  Figure 61(a) highlights where the overglass cut 

ends on the sides of the separation region next to the circuits; the areas where 

silicon dioxide (overglass, also oxide) remains is much brighter than where it was 

etched away.  Figure 61(b) suggests the three-dimensional topographic features 

of the electrode array.  These images qualitatively confirm that the separation 

region has been exposed by the overglass etch as we had hoped. 

 

 

Figure 61:  Angled reflection images of the separation region from a 
Zeiss Lumar stereoscope. 

 

6.1.3. Optical Profile Measurements 

A 3D Optical Profiler, the Zygo NewView 5000 available in Duke’s Shared 

Materials Instrumentation Facility (SMiF) [67] was used to observe the 

(a) (b) 
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topographical features of the separation region.  The optical profiler was chosen 

for this task because profile measurements are non-destructive to the 

electrophoresis chip.   

Figure 62 shows a plot and surface profile measurements going across the 

electrodes.  The Zygo measurements confirm that the overglass cut etched the 

silicon dioxide down past the metal electrodes to form “ditches;” however, the 

depth of the ditches is inaccurate.  The Zygo NewView 5000 is a white light 

interferometer and so is intended to be used for reflective materials, but the 

silicon dioxide that is around the metal electrodes is optically transparent.  

Because of this, the optical beam reflects off of the metal electrodes for an 

accurate measurement but refracts in the silicon dioxide rather than reflecting, 

indicating a deeper distance between the two materials than actually exists. 
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Figure 62:  3D Optical Profiler measurements of the depth of the 
“ditches” between electrodes on the fabricated electrophoresis chip. 

 

6.1.4. SEM images 

SEM images were taken in SMiF to further show that the metal electrodes 

in the separation region are exposed and to characterize the depth of the 

overglass etch.  Figure 63 is an SEM image of electrodes near the edge of the 

separation region.  The metal is gray and black and the oxide is lighter gray and 

white as it charges up from the electrons.  The bottom of the image shows 

substrate contacts in the Metal1 layer as white because it is covered in oxide not 
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etched away.  This comparison indicates that the Metal2 electrodes in the 

separation region are, in fact, exposed and not covered by oxide.   

 

 

Figure 63:  SEM image of electrodes near the edge of the separation 
region. 

 

Figure 64 is a close-up SEM image of the edge of a metal electrode and the 

silicon dioxide under and next to it.  If the metal is 1 µm thick, as indicated by 

AMI 1.5 µm process parameters [61], this figure indicates that the oxide below the 

metal is approximately 1 – 2 µm thick before reaching the bottom of the “ditch.” 
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Figure 64:  Close-up SEM image of a metal electrode and the silicon 
dioxide under and next to it.  

 

Figure 65 is an SEM image of the separation region near the circuits.  

Where the overglass etch stopped is clearly visible, as the circuits covered in 

passivation are very white in the image, while the separation region is more gray 

due to less oxide and charging. 
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Figure 65:  SEM image of the separation region near the circuits. 

 

Figure 66 is an SEM image of the edge of the separation region, where the 

overglass etch seemed to undercut into the circuit region along the metal 

electrode.   
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Figure 66:  SEM image of the edge of the separation region, where the 
overglass etch seemed to undercut some of the circuit region. 

 

To get a more accurate measurement of the depth of the “ditches” and to 

ensure that silicon dioxide is at the bottom of the “ditches” (as opposed to bare 

silicon), a chip was cleaved down the middle and more SEM images were taken.  

This was done after the chip was tested so that a perfectly good chip was not 

unduly destroyed, but the side effect is that some residue from testing and other 

debris is visible in the images that follow.  

Figure 67 is an SEM image of the cleaved electrophoresis chip showing the 

edges of the electrodes and the circuits in the background.  Figure 68 is a close up 

clearly showing the metal of the electrodes and the thickness of the silicon 

dioxide above the silicon substrate. 
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Figure 67:  SEM image of cleaved chip showing the edges of the 
electrodes and the circuits in the background. 

 

 

Figure 68:  Close-up SEM image of the edges of the electrodes and the 
depth of the silicon dioxide. 
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Figure 69 is an SEM image comparing the height of a metal electrode (on 

the left) to the height of the unetched passivation layer (on the right).  The 

transition between the silicon substrate and the silicon dioxide is clearly 

distinguishable.  From this image, the depth the overglass etch cut into the silicon 

dioxide is measured as 1.26 µm.  The total height of the unetched silicon dioxide 

is 3.54 µm, and there is 2.07 µm of oxide under the etch in the separation region. 

 

 

Figure 69:  SEM image comparing the height of a metal electrode to 
the height of the unetched oxide layer. 

 

6.2. Packaging 

The electrophoresis chip must be packaged in a way to allow electrical 

connections between the chip and test equipment and to allow fluidic access to 
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the separation region.  This was done in-house with this application in mind, and 

methods investigated are discussed.  

6.2.1. PWB design 

The chip must have electrical connection to the test equipment to run 

experiments.  The first step is to mount the chip on a board that can connect to 

the equipment.  The printed wiring board (PWB) shown in Figure 70 was used for 

this purpose.     

 

Figure 70:  Printed wiring board used for testing. 

 

This PWB was designed to accommodate several projects and therefore 

has a flexible layout.  Several features of the board are important to this project.  

The lines are made of bondable gold, which is compatible with wire bonding in 

house.  The square in the center fits the 2 mm by 2 mm chip. There are 14 wires 

per side where the chip needs 15 wires on two opposite sides, but one or two 

wires per side can bond around the corner.  Wires can be attached by soldering 
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them individually or using ribbon cables.  Decoupling capacitors can be soldered 

on the board near the chip. 

UV epoxy (Dymax 6-608 series) was used to mount the chip on the PWB.  

UV epoxy is suitable for this purpose because it is non-conducting, it doesn’t get 

hard until it is cured with the UV lamp (so chips no placed ideally can be moved 

or the epoxy can be removed by washing with DI water and isopropyl alcohol), 

and under the UV lamp the epoxy cures quickly in approximately 30 seconds, so 

it’s a quick packaging method.  The UV lamp used for curing is the Cure Spot 50 

from ADAC Systems.   

6.2.2. Wire bonding 

Wire bonding was completed using the West Bond Wire Bonder available 

in Duke’s Shared Materials Instrumentation Facility [67].  Bond pads on the chip 

are ultrasonically ball bonded using gold (Au) wire 1 mil in diameter to wedge 

bonds on the bondable gold wires on the PWB.  Figure 71 is a microphotograph of 

a sample wire bonded electrophoresis chip.  The settings needed on the machine 

are highly dependant on the surfaces and materials being bonded, and they were 

optimized for this project.  Table 4 shows the settings used for wire bonding the 

electrophoresis chips. 
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Figure 71.  Microphotograph of an electrophoresis chip after wire 
bonding. 

 

Table 4:  Settings for the West Bond Wire Bonder used to bond the 
electrophoresis chips. 

Wire Bonder setting Setting used (default) 
Bonds per wire 2 
Lift before torch 350 
Power 1 (Low) 200 (275) 
Power 2 (High) 300 (285) 
Time 1 (Low) 30 (28) 
Time 2 (High)  30 (28) 
NEFO Power  6.0 
NEFO Time 2.5 
Low Force 28 (30) 
High Force  34 (45-50) 
Temperature 80 (100) 
 

6.2.2.1. Troubleshooting 

Optimizing the wire bonding settings was a challenge, and a few chips 

were damaged during the process (for example, see Figure 72). 
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Figure 72:  Microphotograph of destroyed bond pads on an 
electrophoresis chip. 

 

Even one disconnected pad on a chip makes that chip inoperable.  This 

was tested for one chip on which an address line bond pad was destroyed.  For 

each bit in an electrode address, there are two inputs to the chip: the address bit 

and its opposite.  For example, the least significant bit (LSB) in the address is 

input as 0A  and 0A ; if the LSB has a value of 1 (on), then 0A  must have an 

input of 5 V and simultaneously 0A  must have an input of 0 V.  Because of the 

design of the decoder functional block (see Section 4.2.1), we theorized that the 

chip may work with one unconnected and floating address line if its complement 

is able to compensate.  HSPICE [54] simulation of the block with an unconnected 

address line confirmed that if NODE (the output of the decode block) reached at 

least 2 V (compared to 5 V it would reach in optimal conditions), then the value 

in the force memory cell should flip and the chip would work correctly.  This  is 

very dependant on parasitic effects in the decode and force blocks, which are hard 
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to capture completely in simulation even using model parameters derived from 

foundry characterization tests. 

 

Figure 73.  Microphotograph a test chip with one disconnected bond 
pad. 

 

  The destroyed pad can be seen fourth from the top of the row of pads on 

the left of the chip illustrated in Figure 73.  The address line that is not connected 

is A5 .  A dc probe was used to connect to the internal signal NODE for Electrode 

101 through a probe pad included on the side of the chip for troubleshooting.  

Testing revealed that NODE reached 2.3 V; however, the memory value did not 

change like it should to force a voltage on the electrode (see Figure 74).  Correct 

operation would have been indicated by SENSE rising to reflect 3 V forced on 

Electrode 101.  Raising the voltage on ENABLE above the power supply increased 

the voltage on NODE, but only by a few hundred millivolts – not enough to force 

the voltage on the electrode. 
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Figure 74:  Test results showing SENSE not working because NODE 
does not reach 5 V.  Caused by a disconnected address line. 

 

Successful wire bonding of the electrophoresis chip avoids this problem. 

6.2.3. Protect wire bonds 

The wire bonds electrically connecting the chip to the PWB are very thin 

and fragile.  Integrated circuit chips are typically encapsulated in something to 

protect them from the environment – epoxy, black wax, or a plastic or ceramic 

case [68].  This electrophoresis chip cannot be completely covered, because easy 

access to the separation region is required.  Instead, we encapsulated only the 

wire bonds to protect them, and left the rest of the chip exposed. 

Nonconductive UV epoxy was used to protect the wire bonds.  This type of 

glue is appropriate, because viscosities are available that will not damage the wire 

bonds yet not spread too quickly and the epoxy can be cured immediately to 
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prevent further spreading.  Figure 75 is a photograph of epoxy encapsulating the 

wire bonds on an electrophoresis chip, and Figure 76 shows closer 

microphotographs of the epoxy covering the wire bonds on the PWB and on the 

edge of the chip. 

 

 

Figure 75:  Epoxy encapsulating wire bonds on an electrophoresis 
chip. 

 

Figure 76:  Microphotograph of epoxy covering wire bonds (a) on the 
PWB and (b) on the edge of the chip. 

 

(a) (b) 
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Because the circuits and the separation region are still exposed to the 

environment, half of a plastic sample box is kept taped over the chip when it is 

not being tested to reduce dust and other contaminants (Figure 77). 

 

 

Figure 77:  Photograph of electrophoresis chip protected by plastic 
box. 

 

6.2.4. Flowcell 

This project mainly proposes the separation of analytes within a buffer 

fluid with a minimum of fluid flow; however, a custom-built flowcell was 

investigated, in case fluid control turned out to be needed on the electrophoresis 

chip.  The flowcell was constructed using a piece of slide cover glass with capillary 

tubes and held together with UV epoxy.  Figure 78(a) shows a flowcell with 

capillary tubes with 50 µm inner diameter and 80 µm outer diameter [69] as 
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gaskets spacing the cover glass from the bottom of the flowcell (in this case, a 

glass slide instead of the electrophoresis chip).  The capillary tubes were also used 

as the inflow and outflow, and the whole flowcell was sealed using UV epoxy.  The 

tubes coming out of the flowcell were connected to larger plastic tubes with 125 

µm inner diameter [70], an example of which is shown in Figure 78(b).  The 

plastic tube connected to the inflow of the flowcell was connected to a 

Microtight® Union [70] that seals the plastic tubing to the glass capillary tube 

and in the other direction seals the plastic tubing to a 22s gauge needle on a 

syringe.  shows an epoxy dispensing syringe set up under a microscope and the 

flowcell connected to the Microtight® Union.   

 

 

Figure 78:  Microphotographs of a custom-built flowcell made with 
glass coverslip, capillary tubes, and epoxy.  (a) Inflow tube going into 

the cell; (b) tiny capillary tube joined to a larger tube for access. 

 

(a) (b) 
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Figure 79:  Photograph of epoxy dispensing syringe under a 
microscope focused on a flowcell connected to a Microtight® Union. 

  

Consistency in the size of the flowcell and the sealing was hard to manage.  

Sometimes the capillary tubes were blocked by glue.  Making a cell small enough 

to fit on the separation region of the chip (1.8 mm by 0.5 mm) was incredibly 

difficult.  The electrodes could be covered by epoxy or scratched by the capillary 

tubes and glass coverslip.  Based on PWB tests (Section 3.3), fluid flow is not a 

huge issue, so we decided not to use the flowcell on the chip given all the 

uncertainties.  If necessary, perhaps only a cover slip could be used to flatten out 

drop of fluid, if drops appear to be too tall.  If fluid control is needed later, 

perhaps another fabrication of the chip will be required to provide built in 

capillaries.  CMOS has been used to create channels [14], or the overglass etch 

could possibly be used to form columns instead of exposing the entire separation 

area. 
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6.2.5. Digital input board 

The initial test plan involved using the Keithley 4200 Seminconductor 

Characterization System, with its eight source measurement units, as the primary 

test equipment.  Input voltages and output signals could all be synchronized and 

monitored on one screen.  The electrophoresis chip requires three power supply 

signals, two force input voltages, two sense outputs monitored, and 21 digital 

input voltages.  For initial testing, in which fast switching is not needed and only 

a few electrodes need to be addressed, a digital input board was built to supply 

the digital input voltages the needed to be switched.  The remaining digital input 

voltages that would not need to change for a particular test could be connected to 

the dc power supply. 

The digital input board is a solderless breadboard with raised actuator 

switches to control address inputs, momentary push button switches to control 

pulse signals and enable, and an inverter array to provide the opposite signals for 

those being switched.  Figure 80 is a photograph of the digital input board, and 

Figure 81 shows the electrophoresis chip connected to the board and connector 

box for the Keithley 4200. 
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Figure 80:  Digital input board. 

 

 

Figure 81:  Test setup using the digital input board and Keithley 4200. 
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The digital input board was tested with the electrophoresis chip and 

ultimately did not work for testing purposes.   The experiment discussed below 

shows that the board occasionally short-circuited and was deemed unreliable. 

The board connections and basic operation was tested and seemed fine.  

The following signals were connected to the Keithley 4200: VDD at 5 V with 20 

mA compliance; Pad_VDD at 5 V with 20 mA compliance; F1 at 3 V with 10 mA 

compliance, digital input board power supply at 5 V with 10 mA compliance; and 

Sense0 and Sense1 in voltage sensing mode.  The digital inputs connected to VDD 

are A0, A6, A4 , A5 , and 2P , so 0A , A6 , A4, A5, and P2 are connected to GND.  

The digital input board supplies ENABLE, A1, A2, A3, P0, P1, A1 , A2 , A3 , 0P , 

and 1P .    

The test sequence was intended to be: pulse P0 and P1 to clear the 

memories; turn ENABLE on then pulse P1 to force F1 (=3V) onto electrode 65 

(1000001); check that SENSE1 shows the voltage on the electrode; pulse P0, then 

check that SENSE0 shows the voltage on the electrode; next, turn ENABLE off, 

turn A3 on, turn ENABLE on, and pulse P1 to force F1 on electrode 73 (1001001); 

finally, check that SENSE1 is connected to electrode 73, and check that SENSE0 

is still connected to electrode 65. 

Unfortunately, the power supply digital input board had current 

compliance problems.  On a source measurement unit, when the unit is providing 

a voltage, there is a limit to the current that the unit can source to maintain that 

voltage; if the current reaches the set compliance level, then the voltage drops so 
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that the current does not go above compliance.  The current compliance should 

be set at a level that will support the voltage under normal conditions.  By design, 

the digital input board has 0.5 mA of current in the power supply for every ON 

signal, but for this test and the number of inputs, the current should remain well 

below the 10 mA limit.  That the power supply was going into current compliance 

during the test indicated that there is a short circuit somewhere that only occurs 

under certain circumstances (see Figure 82).  This error also occurred during a 

test of the digital input board when it was not connected to the electrophoresis 

chip; therefore, the problem was attributed to the board itself.  Thereafter, we 

abandoned the digital input board and decided to use a Pattern Generator to 

provide the digital input signals. 

 

Figure 82:  Test results showing the digital input board power 
supply current reached current compliance. 
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6.2.6. Buffer board 

When sensing the signal from an electrode on the electrophoresis chip, the 

electrode is actually directly connected through a transmission gate to the test 

equipment.  This connection works when using the Keithley 4200 to collect data, 

because in voltage sensing mode it has very high input impedance (gigaohms) 

and only allows leakage currents in the pico- to femtoamp range.  However, a 

slow feedback loop in the Keithley 4200 is the mechanism by which it achieves 

such high input impedance, and the output signals on the electrophoresis chip 

can change quickly.  We discovered that the Keithley 4200 takes samples every 2-

3 ms on its fastest setting, and this is too slow for monitoring separations that can 

be completed on the order of 10 ms.  For this reason, the sensing signals must be 

monitored by a much faster oscilloscope.  Unfortunately, the oscilloscope with 

coax a cable connected has input impedance of only 1 MΩ, and the small signal 

from the electrophoresis chip can’t be sensed.  For this reason, an output buffer 

board was designed and built to feed the signal from the chip into a high input 

impedance circuit and provide a signal to the oscilloscope that can be measured.  

The board includes a unity gain buffer circuit using an OPA129 [71] 

operational amplifier with an ultra-low bias current maximum of 100 fA for each 

of two inputs into the oscilloscope.  The layout and a photograph of the buffer 

board can be seen in Figure 83.     
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Figure 83:  Layout (a) and photograph (b) of the printed circuit board 
used to buffer the output from the electrophoresis chip. 

 

With the sense signal from the electrophoresis chip as the inputs to this 

buffer board, the outputs can be connected to the oscilloscope.  With this setup, 

we can use the fast oscilloscope to monitor the outputs and minimize the leakage 

currents to maintain signal integrity. 

 

6.2.7. Test board and connection setup 

A test board was designed for a fast and reliable connect/disconnect test 

setup (Figure 84) to allow efficient testing in a multi-user laboratory.  The setup 

is configured such that it is ready for testing after merely connecting several 

ribbon cables and wires to test equipment.  

(a) (b) 
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Figure 84:  Test connection board. 

 

6.3. Equipment List 

Figure 85 shows the various equipment and the setup used to test the 

electrophoresis chip.  Equipment used includes a Keithley 4200 Semiconductor 

Characterization System, Keithley 236 Source Measurement Units, Tektronix 

TLA7016 Logic Analyzer with the TLA7PG2 Pattern Generator module, Tektronix 

TDS2024 Oscilloscope, Tektronix CPS250 Three Output Power Supply, and DC 

probes for trouble-shooting. 

The Tektronix Power Supply is used to power the output buffer board, a 

Keithley 236 Source Measurement Unit is used to power the static protection 

supply on the chip, and another Keithley 236 Source Measurement Unit is used 

to power the circuits on the chip.  Two source measurement units within the 

Keithley 4200 Semiconductor Characterization System were used to provide the 

two force voltages and monitor their currents.  All of the digital input signals 
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were provided by the Tektronix Pattern Generator, and the Tektronix 

Oscilloscope was used to monitor and record the sense output voltages (through 

the buffer board). 

 

 

Figure 85:  Test setup. (a) The Keithley 4200 Semiconductor 
Characterization System can be seen on the cart on the left.  The 
Tektronix Pattern Generator is on the cart on the right.  Three 

Keithley 236 Source Measurement Units are stacked on the optical 
table.  (b)  The Tektronix TDS 2024 Oscilloscope can be seen on the 
cart with a Tektronix CPS250 power supply above it to power the 

buffer board. (c) The chip is connected to test equipment via ribbon 
cables and red and black test probes.  (d) Close up of the covered 
electrophoresis chip on the test board under the microscope. 

 

(c) 

(a) (b) 

(d) 
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The power supply current is very sensitive to the initial start-up state of 

the decoder circuits, and floating inputs result in very high power supply current.  

Powering up the static protection circuits and then providing correct values on 

the digital input lines (for example, 0A  and 0A  must have opposite logical 

values) before turning on the power supply solves this problem.  Initial currents 

on external voltage sources for the force signals are sensitive to the initial start-

up state of the memory circuits within the force and sense functional blocks.  

Powering up the chip with inputs that clear the memories minimizes the currents 

on these lines.  We noticed these currents only because we are carefully 

monitoring power up.   

The ENABLE signal produced by the Pattern Generator is input into the 

Keithley 4200 and the Oscilloscope, so that data can be synchronized. 

 

6.4. Depositing and cleaning off fluid 

Solutions of varying concentrations were prepared from sodium chloride 

and cupric sulfate compounds.  Sample drops of 100-300 nL (depending on the 

experiment) are deposited on the separation region on the chip using a pipette.  

For example, see a 200 nL drop of sodium chloride (NaCl) solution on the 

electrophoresis chip in Figure 86.  The dark masses on the sides of the chip are 

epoxy protecting the wire bonds as discussed in Section 6.2.3. 
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Figure 86:  A 200 nL drop of NaCl on the separation region. 

 

The cleaning method used involves several steps.  First, the sample drop is 

blown off of the chip, and visible residue is left on the chip as seen in Figure 

87(a).  We used a duster can (of air) to blow the drop off for convenience, but 

nitrogen can also be used.  Then, the chip is rinsed with DI water twice, with 

methanol twice, and, finally, with DI water twice again.  Rinsing includes 

depositing a drop (or several) to cover the soiled area of the chip and then 

blowing it dry.  This cleaning method could be completed between each test and 

is effective in cleaning off visible residue. 
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Figure 87:  (a) Visible residue can be seen on the separation area after 
a sample drop (seen in Figure 86) has been blown off.  (b) After 

cleaning, the visible residue is removed. 

 

6.5. Experiments 

Electrical test results have revealed that the functional blocks behave as 

expected and the overall chip behavior is consistent with circuit simulation 

results (see Section 4.4).   

Many experiments were conducted using fluids on the chip, and in the 

beginning we did not see much of anything on the sense output signals.  We did 

learn early on that the chip was not catastrophically damaged by the introduction 

of fluid on its surface, which was one of the risks we assumed may happen when 

we took on this project.  When the wire bonds are adequately protected and small 

volumes of fluid are used (that cannot inadvertently run off the chip and short 

input signals on the PWB, the chip will operate correctly throughout many fluidic 

experiments for weeks or months.  The chip was cleaned between each test using 

(a) (b) 

residue from 
sample drop 



 

158 

fluids, but after several tests residue started to accumulate around the separation 

region that could not be removed using our cleaning method.   

The power supply on several chips, after weeks of testing, shorted out, and 

cleaning and drying the chip fixed the problem on some occasions but not others.  

A few of those chips were left alone for a week or two, and then they would work 

again.  In at least one instance, a chip with a shorted power supply was not able to 

recover.  We suspect this behavior may be due to fluid getting somewhere on the 

chip where it should not and once there cannot evaporate away, perhaps far 

under the epoxy over the wirebonds or into the circuits under the passivation 

layer where the overglass cut etched under the circuits somewhat on the edge of 

the separation region.  As this was an infrequent, but catastrophic, failure, the 

cause of the power supply short was hard to determine.  

When we began taking sensitive measurements on the chip, we realized 

that sensing works better when the chip is operated in the dark.  Reverse biased 

PN junctions on the sources and drains of the CMOS devices and in the static 

protection circuits on the pads are photodetectors and produce current in light.  

For some circuits, this behavior is not a problem, but for some, like our 

electrophoresis chip, it is a problem.  The light induced current in the parasitic 

source and drain PN junctions is enough to allow the charge on the electrodes to 

quickly leak away.  Therefore, optimal sensing sensitivity is obtained when the 

chip is in the dark and blocked from as much light as possible.  The chip is tested 

under the microscope (and its intense light) in order to appropriately place the 
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drop of sample fluid, so the chip must be covered up once the drop is on the 

separation region and before the test begins. 

Once we began blocking the chip from light for fluidic experiments, we 

began to see some signal output on the sense lines.  The behavior of the output 

was not what we expected, and we decided to pursue developing a two-

dimensional model to help us identify what output we should expect.  

Additionally, the Keithley 4200, which was exclusively used for data collection at 

the beginning of testing, is limited in the speed at which it can measure data and 

it gets even slower when the signal it is trying to measure changes quickly.  We 

realized that the output signal may be changing faster than the Keithley 4200 

could measure it, so we designed the buffer board sense amplifier (described in 

Section 6.2.6) to use with the oscilloscope to measure data faster.  Solution 

concentrations were also increased with the hope of increasing the detectable 

signal from moving ions.  Experiments using with the higher solution 

concentrations, oscilloscope with the buffer board, and information learned from 

concurrent modeling all led to more meaningful test results.  

6.5.1. Separation of oppositely charged particles 

  The first step to achieving electrophoresis using a drop of premixed 

solution is to separate the oppositely charged particles to opposite sides of a work 

space.  Sense electrodes cannot monitor the very small changes in local 

concentration as this process is carried out, but we learned from the simulation 
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(Section 5) that the currents on the forcing electrodes can indicate that charge is 

moving. 

 

 

Figure 88:  Currents on the forcing electrodes indicate ions are 
moving.   

 

Figure 88 shows the currents on the forcing electrodes for an experiment 

in which the oppositely charged ions are separated to opposite sides of the work 

space before the field is reversed in an attempt to monitor concentrated groups of 

ions migrate through the work space.  In the figure, currents are shown for an 

experiment using a salt solution (sodium chloride) and an experiment using DI 
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water as a control.  The short spikes in the ENABLE voltage indicate that the 

electric field is being set, and the longer high pulses indicate the time that the 

ions are migrating.  As seen clearly in the figure, the currents were higher during 

the migration times for the salt solution than for the DI water.  If the DI water 

were truly ion-free, we would expect the current to remain near zero, but it is 

likely the DI water sample was contaminated since that is not the case for this 

experiment.   

6.5.2. Early attempts to measure ion flow via induc ed currents 

Once separation of oppositely charged particles is achieved, the next steps 

are to move the separated and concentrated particles within the work space and 

to detect them as they move.  The first promising experiment in detecting the 

movement of concentrated ions was an experiment with copper sulfate (CuSO4).  

During the first phase of the experiment, a field was established to separate and 

concentrate the copper ions (Cu2+) and sulfate ions (SO4
2-) at opposite sides of 

the work area.  One of the force voltages was then stepped, electrode by electrode, 

down the work area toward the other force voltage to concentrate the sulfate ions.  

Then the electric field was abruptly reversed in an attempt to monitor the 

movement of the concentrated negative ions. 

The electric field was established with 0.5 V on one force line (F1 on 

electrode 100) and 2.5 V on the other force line (F2 on electrode 90).  The 

voltages were forced on electrodes 174 µm apart (10 electrodes), resulting in a 

field of 11494 V/m or 115 V/cm.  The F1 voltage was stepped down the work area 
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gradually increasing the magnitude of the electric field and driving the negative 

ions toward F2.  Once the F1 voltage reached the electrode immediately next to 

the electrode with the F2 voltage, the electric field was reversed by replacing F2 

on electrode 90 with F1 and forcing F1 on electrode 100.  The two sense lines 

were held at 1.25 V with low current compliance in the hopes that field effects 

caused by the migrating negative ions would be evident by changes in current 

with large effects affecting the voltages.  SENSE0 was set on electrode 96, and 

SENSE1 was set on electrode 99.  A description and pictorial interpretation of the 

experimental setup and resulting ion movement is given in Table 5. 

The sense currents for the time during the experiment that the 

concentrated negative ions were migrating down the work area are shown in 

Figure 89.  While the two signals have slightly different magnitudes, their shapes 

are similar and indicate ions are moving within the field and that the migration of 

ions in fluid has an effect on the sense currents. 

It appears evident that ions were migrating past the monitored electrodes 

at approximately time = 50 s in Figure 89 (less than 2 seconds after the electric 

field was established).  Negative ions should have moved from electrode 90 

toward electrode 100, passing first SENSE0 then SENSE1.  While the magnitudes 

of the current changes were different, which could be attributed to the different 

positions in the separation column, it does appear that ions began moving past 

SENSE0 slightly before they started moving past SENSE1.  This indicates that the 

sense controls are sensitive to ion movement in the fluid. 
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Table 5:  Description and pictorial interpretation of ion movement for 
the experimental results shown in Figure 89.  

When the drop is deposited, the ions are evenly 
spread throughout the separation region.  F1 (0.5 
V) is set to electrode 100 and F2 (2.5 V) is set to 

electrode 90.  

After 6 s for the ions to migrate, F1 (0.5 V) was 
stepped down the separation region, electrode by 

electrode, toward F2 (2.5 V). 
 

When F1 (0.5 V) reached electrode 91, we 
expected the negative ions to have concentrated 

between electrodes 90 and 91. 
 

F1 (0.5 V) was then set to electrode 90 and F2 
(2.5 V) was set to electrode 100, reversing the 

direction of the electric field (time = 48 s in the 
figure).  The negative ions migrate toward the 

higher voltage as a concentrated group, and the 
positive ions migrate the opposite direction as a 

disperse group. 

 

We expect current to be induced in the sense 
electrodes as the concentrated group of negative 

ions migrate past SENSE0 (electrode 96) and 
SENSE1 (electrode 99). 
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Figure 89: Experimental results with SENSE currents indicating ion 
movement. 

 

This was the first experiment that showed evidence of ion movement on 

the chip due to the electronically controlled electric field.  The chip was damaged 

after this experiment, and when the next chip was packaged we decided to change 

sensing methods.  MATLAB modeling (Section 5.2) to simulate the 

electrophoresis separation and its effect on sense electrodes was being pursued 

alongside testing.  At this point, simulation results had determined that the best 

way to monitor moving ions in the fluid is to measure induced voltages on the 

electrodes rather than induced currents, because voltage measurements have 

minimal impact on the electric field in the fluid.  
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6.5.3. Experiments using induced voltage to detect ion flow 

During testing, we discovered that SENSE1, as the sense line that tracks 

the currently enabled electrode, has parasitic capacitance that can influence the 

electric field.  Because SENSE1 does not have its own memory switch, it is 

connected to the force external supplies when those voltages are set.  The large 

capacitance on SENSE1 from the opamp on the buffer board and the cable 

connecting them means that charge on the line takes a long time discharge.  In 

the experiments, SENSE1 is connected to a sense electrode immediately after 

being connected to a force supply, and the charge from that force supply is 

transferred to the sense electrode.  That charge causes a voltage on the sense 

electrode, and, consequently, in the sample fluid.  The voltage stays on SENSE1, 

influencing the field and causing fouling, until it leaks away through the circuits 

and test equipment.  SENSE1 was thus deemed unreliable to measure the voltage 

in the fluid, as the voltage it shows is mainly due to capacitive coupling and any 

signal it was sensing was lost.  Thereafter, we left SENSE1 connected to the 

electrode that a voltage was forced on last, essentially leaving SENSE1 connected 

to the external force voltage supply and unable to influence the separation.  In the 

results that follow, SENSE1 is not reported, since its voltage is meaningless to our 

experiment. 

Additionally, during testing, we learned that after electrodes are used once 

for forcing or sensing, the results of subsequent tests using the same electrodes 

show degraded voltages compared to the first test.  This phenomenon is probably 
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due to fouling of the electrodes; once the surface of the metal electrode changes, 

its behavior is somewhat different.  We have many electrodes in the separation 

region electrode array, so we get around this problem by using different 

electrodes for forcing and sensing.  The results shown below are from the first 

experiment using a given set of electrodes. 

Following our approach used in the simulations, an electric field is 

established to separate and concentrate the ions, and then it is reversed and 

moved slightly to encourage faster movement of either the positive or negative 

ions.  The two experiments that follow attempt to separate sodium (Na+) and 

chloride (Cl-) ions.  

In the first experiment, SENSE0 is set to electrode 19 for the duration of 

the test.  Initially, 1 V is forced on electrode 16 and 2 V is forced on electrode 26.  

After about 1 s, 1 V is forced on electrode 27 and 2 V is forced on electrode 17, 

thus reversing the field direction.  Negative ions should concentrate near 

electrode 26 during the first phase of the test, and then they should migrate 

toward electrode 17 in the second phase.  Table 6 is a description and pictorial 

representation of test setup and resulting ion movement.  The SENSE0 voltage 

shows some movement, as seen in Figure 90, during the two long ENABLE pulses 

that set the fields in which we expect the ion migration to take place.  However, 

there seems to be a problem with the magnitude of the SENSE0 voltage.  With 1 

and 2 V being forced to establish the electric field, we expected the sensed voltage 

near the middle of the work area to be near 1.5 V, but the voltage observed is 
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closer to 1 V.  Figure 90(a) shows the SENSE0 and ENABLE data as seen on the 

oscilloscope during the experiment, and Figure 90(b) shows the data graphed 

with the time and voltage scales shown.   

 

Table 6:  Description and pictorial interpretation of ion movement for 
the experimental results shown in Figure 90.  

When the drop is deposited, the ions are evenly 
spread throughout the separation region.  F1 (1 V) 

is set to electrode 16 and F2 (2 V) is set to 
electrode 26 about time = 1 s in the figure. 

 
After the second voltage is set, the settings on the 
chip remained unchanged to allow the ions time 
to migrate without digital noise from the chip.  
After 1 s, we expected the negative ions to have 

concentrated near electrode 26 and positive ions 
to have concentrated near electrode 16. 

 

About time = 2 s in the figure, the direction of the 
electric field was reversed by setting F1 (1 V) to 

electrode 27 and F2 (2V) to electrode 17.  

 
The negative ions migrate toward electrode 17, 
and the positive ions very slowly move toward 

electrode 17 (they are influenced by a small field).  
As negative ions migrate past electrode 19, they 

cause a small dip in the voltage on SENSE0.   

The negative ions reach electrode 17 and stop 
migrating.  After the positive ions pass electrode 

17, they experience the larger set electric field and 
migrate quickly toward electrode 27. 

 

As the positive ions migrate past electrode 19, the 
cause a small rise then fall (a local maximum) in 
the voltage on SENSE0. Eventually, the positive 

ions reach electrode 27 and stop migrating. 
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Figure 90:  Experimental results showing the SENSE voltage for 
electrode 19. 

 

This same experiment was repeated with a longer ENABLE pulse, this 

time with SENSE0 set to electrode 24 for the duration of the experiment.  

Initially, 1 V is forced on electrode 20 and 2 V is forced on electrode 30.  After 

about 2 s, 1 V is forced on electrode 31 and 2 V is forced on electrode 21, thus 

reversing the original electric field direction.  Negative ions should concentrate 

near electrode 30 during the first ENABLE pulse, and then they should migrate 

toward electrode 21 in the second ENABLE pulse.  Table 7 is a description and 

pictorial representation of the test setup and resulting ion movement.  The 

SENSE0 voltage for this experiment is shown in Figure 91, again showing some 

movement during the two long ENABLE pulses in which we expect the ion 

migration to take place.  The SENSE0 voltage magnitude is again less than what 

we expect. 
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Table 7:  Description and pictorial interpretation of ion movement for 
the experimental results shown in Figure 91. 

When the drop is deposited, the ions are evenly 
spread throughout the separation region.  F1 (1 V) 

is set to electrode 16 and F2 (2 V) is set to 
electrode 26 about time = 1 s in the figure. 

 
After the second voltage is set, the settings on the 
chip remained unchanged to allow the ions time 
to migrate without digital noise from the chip.  
After 1 s, we expected the negative ions to have 

concentrated near electrode 26 and positive ions 
to have concentrated near electrode 16. 

 

About time = 2 s in the figure, the direction of the 
electric field was reversed by setting F1 (1 V) to 

electrode 27 and F2 (2V) to electrode 17.  

 
The negative ions migrate toward electrode 17, 
and the positive ions very slowly move toward 

electrode 17 (they are influenced by a small field).  
As negative ions migrate past electrode 19, they 

cause a small dip in the voltage on SENSE0.   

The negative ions reach electrode 17 and stop 
migrating.  After the positive ions pass electrode 

17, they experience the larger set electric field and 
migrate quickly toward electrode 27. 

 

As the positive ions migrate past electrode 19, the 
cause a small rise then fall (a local maximum) in 
the voltage on SENSE0. Eventually, the positive 

ions reach electrode 27 and stop migrating. 
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Figure 91:  Experimental results showing the SENSE voltage for 
electrode 24. 

 

For the experiment shown in Figure 91, a small piece of glass coverslip was 

used to cover the drop on the separation region to flatten it out.  One of our main 

assumptions is that the drop wets the surface, creating approximately one-

dimensional electric field lines within the drop.  Using the piece of glass coverslip 

over the drop allows us to compare the results seen from a drop just sitting on the 

surface (Figure 90) to a drop flattened to the surface (Figure 91).  Given that the 

dimensions of the sample drop may have changed between these two 

experiments, the shapes of the SENSE0 voltages are remarkably similar. 

An unexpected finding was discovered after uncovering the chip after the 

experiment using the coverslip: bubbles were being generated all over the 

separation region, as photographs taken at two different times show in Figure 92.  

As they got big enough, the bubbles would migrate to the bottom or left side of 

the coverslip where large air pockets had formed during the experiment.  The 
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interesting observation was that the bubbles formed all over the separation 

region, not just near the forced and sensed electrodes. 

   

 

Figure 92:  Bubbles were formed under the coverslip during the 
separation experiment shown in Figure 91.   

 

The shape and magnitude of the sense voltage pattern was unexpected and 

encouraged us to pursue the more detailed quasi two-dimensional model 

described in Section 5.2.  However, even incorporating more complex voltage 

calculations and accounting for leakage through the circuits and test equipment 

in the model, did not account for the lower sense voltages we see in experiments.  

At this point, we hypothesized that the substrate under the separation region is 

having a bigger impact than we initially assumed it would. 
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6.5.4. Effect of substrate on sensitive measurement s  

To determine if the substrate is having an effect on the voltages in the 

separation region, probes were used to set and sense voltages in the drop of fluid 

on the chip.  Using DC probes allowed us to bypass the parasitic effects caused by 

the circuits.  Figure 93 is a photograph showing the DC probes positioned to force 

and sense a voltage on the separation region. 

 

 

Figure 93:  Photograph of the DC probes used on the electrophoresis 
chip to detect substrate parasitics. 

 

With the circuits disconnected from all test equipment, the probes were 

connected to the Keithley 4200 and positioned above the separation region on 



 

173 

the chip.  One probe was used to force 2 V and the other was used to sense the 

voltage.  During the experiment, a single wire was used to connect and disconnect 

the chip substrate to ground.  A drop of fluid was deposited on the separation 

region so that it was connected to both probes.  Both DI water and a concentrated 

solution of sodium chloride (NaCl) were used in the experiment, with similar 

results. 

Figure 94 shows the experimental data from the Keithley 4200 for a drop 

of sodium chloride.  When the test began, the substrate was floating and the 

sense probe detected 2 V in the fluid, which is what we expect.  At approximately 

31 s into the experiment, the substrate was grounded.  The voltage in the fluid 

immediately fell to about 0.4 V, as detected by the sense probe.  The ground 

connection was removed about 74 s into the experiment, and the voltage in the 

fluid moved higher, eventually reaching the expected 2 V.  This procedure was 

repeated, with the substrate being grounded again approximately 215 s into the 

experiment and disconnected again about 260 s into the experiment.  The voltage 

behavior is similar both times.  

This experiment was repeated with different probe positions above the 

separation region, different fluids, and different chips, and the results all show 

that grounding the substrate, which is required for the circuits to work, 

substantially lowers the voltage in the fluid.  Additionally, if the voltages are not 

what we intend, then the electric field is also not what we expect.  The fluid is 
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parasitically connected to the substrate, and the resulting effect on the electric 

field in the fluid influences the separation we are trying to achieve. 

 

Figure 94:  Results from using probes to force and sense a voltage on 
the separation region showing that a grounded substrate has a 

substantial impact on the magnitude of the voltage. 

 

Consultations with the Jokerst research group suggested to us that the 

silicon dioxide layer between the fluid and substrate is thick enough that it should 

be good electrical insulator and the most likely problem is water from the fluid is 

absorbing into the oxide and connecting to the substrate [72].  It has been 

reported that silicon dioxide forms pinholes [73, 74], and fluid may have 

tunneled through those pinholes to connect to the substrate.  Silicon dioxide also 

absorbs water [74, 75], and the fluid could be connecting to the substrate that 

way.  In either case, this type of connection would explain the lower than 

expected voltages in the fluid and the bubbles that seemed to appear from 

everywhere within the fluid on the separation region. 
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6.5.5. Modeling of substrate effects 

A model of the substrate connection was developed and incorporated into 

the quasi two-dimensional model to confirm that this is the phenomenon we are 

seeing in test results.  The model is based on the probing test that excludes circuit 

parasitics, with the assumption that the electrodes, when connected, see the same 

parasitic effects.   

Figure 95 shows an RC network model of the parasitics between the probe 

tips and the substrate.  Rfluid is the resistance of the fluid and ranges from 

approximately 100 kΩ to 5 MΩ depending on the content and concentration of 

the fluid, based on experimental tests.  Cinterface is the capacitance between the 

fluid and substrate, or in other words, the capacitance across the silicon dioxide 

layer.  Rinterface is the resistance between the fluid and the substrate.  Csubstrate and 

Rsubstrate are the capacitance and resistance across the substrate to the ground 

contact.  Rsubstrate is approximately 13 kΩ, as calculated using substrate and 

epitaxial layer conductivity values for the AMI 1.5 µm process [61] and the 

maximum distance to a ground contact. 
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Figure 95:  Schematic of an RC network model of the parasitics in the 
DC probes over the separation region system. 

 

Choosing 500 kΩ as an average fluid resistance for Rfluid, we fit the model 

to experimental data using HSPICE simulation and found Csubstrate is 0.7 µF, 

Cinterface is 39 µF, and Rinterface is 152 kΩ.  To simplify the model to facilitate 

including it in the larger MATLAB model of the system, we recognize that Rinterface 

dominates over Csubstrate, so we can eliminate Csubstrate and combine Rinterface and 

Rsubstrate into one resistance Rinterface+substrate of 165 kΩ.  A schematic of the 

simplified model is shown in Figure 96. 
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Figure 96:  Schematic of the simplified RC model for the 
characterization of the substrate parasitic effects. 

 

The simplified model was compared to multiple experimental tests (like 

that shown in Figure 94).  Because the timing of grounding and floating the 

substrate was different in each test, Figure 97(a) shows the comparison of the 

Sense voltage for the floating substrate being grounded and Figure 97(b) shows 

the comparison for the grounded substrate being disconnected for a selection of 

representative tests.   (The model data is labeled ‘spice’ in the figure legends.)  

The model was run in HSPICE with an ideal switch between ground and 

Rinterface+substrate.  For the scenario in Figure 97(a), an open switch simulated the 

floating substrate, and closing the switch simulated connecting the substrate to 

ground.  For the scenario in Figure 97(b), a closed switch simulated the grounded 

substrate, and opening the switch simulated disconnecting the substrate from 
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ground.  From this comparison, the simplified model is deemed sufficient to 

represent the substrate connection effects in the quasi two-dimensional model.     

When operating the electrophoresis chip with the circuits connected, the 

substrate is always grounded.  Therefore, when including the substrate parasitics 

model in the larger system model, the ideal switch was moved to be between the 

Force voltage and the Rfluid and Cinterface branch in the circuit.  An open switch 

simulates the fluid voltage without the force voltage connected, and closing the 

switch connects the Force voltage to the fluid.  The behavior of this circuit is 

similar to that shown in Figure 97(a), except that the Sense voltage is 0 V until 

the switch is closed causing it to jump to about 2 V before falling to about 0.5 V as 

in Figure 97(a). 

 

 

Figure 97:  Comparison of the simplified substrate parasitics model to 
representative experimental data. 
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Assuming Sense has an infinite input impedance, the decay in voltage after 

the switch is closed and the Force voltage is connected to the circuit can be 

represented by  

 
int

int int

Sense Force Force

t

erface substrate fluid

fluid erface substrate fluid erface substrate

R R
e

R R R R
τ
− 

 +  

+ +

   
= +      + +   

 (1) 

where 

 
int

int
int

fluid erface substrate

erface

fluid erface substrate

R R
C

R R
τ +

+

=
+

. (2) 

This equation is implemented in the quasi two-dimensional model such that 

Sense is the voltage that reaches the fluid when a voltage Force is on a controlling 

electrode. 

The quasi two-dimensional model including the new substrate parasitics 

model was run to simulate the scenarios described for the experiments shown in 

Figure 90 and Figure 91.  Electrophoretic mobilities of the ions used were found 

in [49] and diffusion coefficients are from [5] The simulated SENSE0 voltage 

behavior is shown in Figure 98(b) and (d) alongside data on the same scale from 

Figure 90 and Figure 91 in Figure 98(a) and (c), respectively. 
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Figure 98:  Quasi two-dimensional model results including substrate 
parasitics results compared to experimental test results.  

(a) Reproduction of the experimental data shown in Figure 90; 
(b) Model results for the same test scenario as shown in (a); 
(c) Reproduction of the experimental data shown in Figure 91; 
(d) Model results for the same test scenario as shown in (c). 

 

The behavior simulated using the substrate parasitic model is much closer 

to the actual behavior of the chip than the simulation without the substrate 

effects included.  Unfortunately, the model, like the experiments, indicates that 

the substrate has a substantial effect on the voltage and electric field in the fluid.  

(c) (d) 

(a) (b) 
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Figure 99 shows the voltage and electric field distributions at different times 

during the simulation. 

 

 

Figure 99:  (a) Voltage distribution and (b) electric field at different 
times during the simulation.  The substrate causes the magnitudes to 

fall significantly as the simulation progresses. 

 

Figure 100:  Movement of concentrated ions at different times 
during the simulation.  Substrate effects cause the ions to migrate 

slower than they otherwise would. 

(a) (b) 
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Fortunately, the substrate effects impinge the electric field so much that 

the particles do not move.  Figure 100 shows the somewhat slower movement of 

the particles at different times during the simulation.  While the particles do still 

migrate, detecting in the induced voltage they cause is much more difficult than 

expected because of the variation in the sense voltage due to the substrate effects 

and other leakage.  Figure 101 shows the voltages on various electrodes 

throughout the simulation time. 

  

 

Figure 101:  Voltage variations that can be sensed by various 
electrodes in the work space.  The induced voltage signal due to 

migrating ions is reduced by the parasitic effects. 

 



 

183 

6.5.6. Mitigation of substrate effects 

The effect of the substrate on the voltage and electric field in the fluid 

makes it difficult to predict exactly what the electric field will be for specified 

settings and makes it impossible to maintain a constant electric field throughout 

the separation.  Reliable operation of the electrophoresis chip requires some 

mitigation of this effect.  Further consultations with the Jokerst group, Sabarni 

Palit in particular, suggested covering the silicon dioxide in the separation region 

with a polymer like SU-8 to waterproof it [72, 76].  Silicon nitride can be used as 

a waterproofing layer, and it is completely impervious to water when deposited at 

high temperature [68].  However, the aluminum metal layer on the CMOS chip 

has a low melting point, so lower-temperature PECVD would be used to deposit a 

nitride layer.  Pinholes can occur in nitride deposited this way allowing water to 

permeate the layer [68], so it is not a viable solution in this case.  Other research 

groups have used SU-8 for fluidic devices [77, 78] and a packaging method for 

CMOS using SU-8 has been developed [79, 80].   SU-8 can be deposited with 

methods compatible with the CMOS process, so we try it as a waterproofing layer 

for the electrophoresis chip.  

To test this idea, the entire chip was covered in SU-8.  While the electrodes 

do not have electrical connection to the fluid, we can test the waterproofing 

ability of the SU-8 with the probe experiment without fabricating an expensive 

mask for lithography.  As the bond pads will also be covered by insulating SU-8, 

the chip was first connected to a PWB and wire bonded, and the wire bonds were 
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coated in UV epoxy for protection.  A 3 µm thick layer of SU-8 2002 was 

deposited on the chip by spin coating at 950 rpm for 60 s.  The chip (and PWB) 

was softbaked on a hotplate at 65 °C for 1 minute followed by 95 °C for 2.5 

minutes.  SU-8 is a negative photoresist, so the entire chip was flood exposed for 

9 s at 9.2 mJ/s with 365 nm wavelength light.  Finally, the chip was hardbaked in 

an oven at 150 °C for 20 minutes.  The probe experiment described in Section 

6.5.4 was then repeated to determine if the separation region oxide surface is now 

insulating and waterproof.  

 

Figure 102:  Experimental results from using probes to force and 
sense a voltage on the separation region coated in SU-8 showing that 

substrate potential no longer has a substantial impact on the 
magnitude of the voltage. 

  

As Figure 102 shows, when the sample drop deposited on the separation 

region connects the Force and Sense probes together, the Sense voltage (green in 

the figure) immediately moves up to reflect the 2 V on the Force probe.  
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Connecting and disconnecting the substrate and ground has no effect on the 

Sense voltage.  (The current on the Force probe changes in the picoamp range as 

ground is connected and disconnected, because the changing substrate potential 

has an effect on the photodetector current generated by the PN junctions on the 

chip.  This effect is not noticeable in Figure 94 because of the microamp spike in 

the current when the substrate is grounded.)   

There is still a small parasitic effect in the rise of the Sense voltage, and the 

experiment is altered to capture that effect.  Instead of connecting and 

disconnecting ground, the substrate stays connected to ground and the Force 

voltage switches from 0 V to 2 V and back during the test.  The parasitic effect is 

due to capacitance not previously modeled because of the assumption that the 

fluid at the forcing electrodes is directly connected to an ideal voltage source.  

This behavior is ultimately modeled in the quasi two-dimensional model, so it is 

worth characterizing.  Figure 103 shows representative test results highlighting 

the parasitic rise in the Sense voltage.   
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Figure 103:  Experimental results from using probes to force 
and sense a voltage on the separation region coated in SU-8 when the 

force voltage is switched from 0 V to 2 V and back to 0 V. 

 

Returning to the model developed in Section 6.5.5, we fit the schematic in 

Figure 95 to data from the SU-8 covered chip.  Rsubstrate remains the same at 

approximately 13 kΩ, we assume that Csubstrate is the same at 0.7 µF.  Again 

choosing 500 kΩ as an average fluid resistance for Rfluid, we found Cinterface is now 

0.5 µF and Rinterface is 300 MΩ.  These values are appropriate, because we expect 

Rinterface to be much larger across the SU-8 and oxide compared to water-soaked 

oxide, and Cinterface should be much smaller since the permittivities of SU-8 and 

oxide are smaller than the water-soaked oxide and the distance across both layers 

is larger.  To simplify this model to ease including it in the larger MATLAB 

model, we neglect the small effect of Cinterface and eliminate Rsubstrate since it is 

much smaller than Rinterface and its effect is negligible.  The dominant effects 
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causing the slow rise of the Sense voltage are the resistance in the fluid and the 

capacitance between the fluid and the substrate.  A schematic of the simplified 

model of the parasitic effects on the SU-8 covered chip is shown in Figure 104. 

The simplified model was compared to many experimental tests (including 

the one shown in Figure 103), as shown in Figure 105.  (The model data is labeled 

‘spice’ in the figure legend.)  From this comparison, the simplified model is 

deemed sufficient to represent the substrate connection effects in the quasi two-

dimensional model.     

 

 

Figure 104:  Schematic of the simplified RC model of parasitic effects 
on the SU-8 covered chip. 
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Figure 105:  Comparison of the simplified parasitics model for the 
SU-8 covered chip to representative experimental data. 

The behavior of the Sense voltage when the Force voltage is connected to 

the circuit can be represented by  
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where 
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This equation is implemented in the quasi two-dimensional model such that 

Sense is the voltage that reaches the fluid when a voltage Force is on a controlling 

electrode (in place of the substrate parasitic model discussed above). 
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In order to test the electrophoresis chip using the electrodes and circuits, 

we had a chrome on soda lime mask fabricated for the SU-8 processing.  The 

layout of the mask is shown in Figure 106.  Instead of the leaving the entire chip 

covered in SU-8, the mask prevents exposure of the SU-8 in areas where we want 

electrical connection, namely on the electrodes and the bond pads.  The bond 

pads require electrical connection because the mask must be in contact with the 

surface of the chip, so attachment to the PWB and wire bonding must be done 

after the SU-8 processing.  With the mask, we can have electrical connection to 

the electrodes and bond pads while still sealing the silicon dioxide in the 

separation region. 

 

Figure 106:  Layout of the mask to expose the electrodes and bond 
pads for SU-8 processing. 
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As of this writing, the SU-8 processing steps are still being fine-tuned.  

 

6.5.7. Effect of evaporation 

We did expect evaporation to be a problem on an electrophoresis system 

that uses only 100 nL drops without channels or compartments to enclose them 

in.  Early testing on glass slides showed that 100-300 nL drops evaporate in 

several minutes, but this was deemed sufficient time to complete a separation on 

the chip.  We assumed that while some of the droplet remained, the separation 

would still continue.  However, we did not fully expect the dramatic changes in 

solution concentration that result from evaporation of such small samples.   

The concentration of the fluid can be very precise when it is mixed, and the 

volume of the drop can be precise when it is deposited on the chip.  But drops of 

the usable volume evaporate so quickly that the concentration effectively 

continuously changes after the drop is deposited.  This effect was illuminated 

when a series of experiments were conducted on the chip without cleaning 

between each test.  Figure 107 shows results from a series of the probe 

experiments showing the impact of the grounded substrate on the fluid voltage. 
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Figure 107:  Results from a series of the probe experiments suggesting 
that evaporation causes noticeable change in fluid conductivity. 

 

  The experiments were conducted in quick succession, in the order that 

they are numbered in the figure, without cleaning between the experiments.  The 

series of experiments indicates that the fluid gets progressively more conductive, 

both between tests and during each test.   

The phenomenon was first noticed by each consecutive test showing the 

voltage between the fluid and substrate as smaller compared to the previous test.  

This indicates that the resistance between the fluid and substrate gets smaller, 

and since the properties of the oxide and silicon do not change, the resistance 

difference can be attributed to the resistance of the fluid.  A smaller fluid 
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resistance in turn indicates that the fluid becomes more conductive.  Since the 

same concentration solution was used for each test, each drop must be becoming 

more conductive by picking up residue left on the chip from the previous 

evaporated drop.   

Once the increase in conductivity of the fluid in each successive test was 

noticed, the increase in conductivity of the fluid through the duration of each test 

was observed.  Particularly apparent in the latter three tests conducted, ‘na3’, 

‘na4’, and ‘na5’ in the figure, the voltage continues to slope down after it 

exponentially drops from 2 V, suggesting that the fluid resistance is becoming 

smaller even as the experiment is in progress.  If this is the case, then evaporation 

is causing the conductivity of the fluid to noticeably change during an experiment 

that lasted less than one minute.  

While using a pipette was not planned to be the ultimate fluid deposition 

method, even for testing purposes, some other microfluidic packaging needs to be 

investigated to minimize sample evaporation during tests.  Glass on top of the 

fluid or some type of flowcell is possible but hard to do on such a small scale.   

Because the size of this system is so small, the microfluidic packaging will most 

likely need to be a custom solution.   
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7. Conclusions and Future Work 

Ultimately, the project was successful at showing that implementing an 

electrophoresis system on standard CMOS is possible.  In particular the 

separation of positive and negative ions within an initially fully mixed droplet has 

been achieved, and the subsequent movement of the separated and concentrated 

ions, under an electronically reconfigured electric field, detected.   

When we started this project, we thought it was quite possible that the 

powered electrodes on the chip would have an immediate and catastrophic 

reaction to ionic solutions on its surface.  While the voltages used in our system 

are very low compared to other state-of-the-art electrophoresis systems, the 

voltages are still large enough to cause redox reactions on the aluminum and 

copper alloy electrodes.  In addition, we expected that fouling due to the 

electrochemical reactions happening on the surfaces could have caused the 

electrodes to become completely unusable.  As it turns out, the chip does not 

immediately suffer catastrophic failure upon contact with fluid.  In fact, it 

appears that the chip probably continues to operate long enough to perform 

useful tests before it needs to be disposed of or cleaned.  

We have, however, discovered that the substrate and the drain and source 

diodes of our switches affect the electric field in the fluid, causing problems with 

detection of ion movement and ultimately preventing separation over longer time 

scales. Additionally, the forcing electrodes experience fouling that degrades their 

performance after a period of time, and sensing electrodes are unexpectedly 
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fouled due to external capacitance causing temporary driving of the fluid by these 

supposedly passive electrodes.    

 Creating an array of reconfigurable electrodes that could be set to be 

either forcing or sensing electrodes could have backfired.  Design of separate 

sensing and forcing electrode arrays may have allowed optimization of the 

sensing electrodes to increase sensitivity and eliminate fouling.  Promising PWB 

testing showed that the sense electrodes could see changes within the fluid and 

encouraged us to try it on the CMOS chip.  Perhaps too much effort was focused 

on creating small circuits for a large number of electrodes.    

The external capacitance attached to the sensing electrodes was found to 

be a major contributor to fouling, and the reduction of this capacitance should be 

a design goal of future work.  The development of separate sense amplifiers for 

each electrode (relatively easy for many current CMOS processes) would greatly 

reduce the capacitance and could eliminate the drain and source diode leakage 

current problems.  Post-processing the chip with a waterproof layer over the 

oxide has been shown to mitigate the effect of the substrate leakage.   
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Appendix:  MATLAB Simulation Code 

 
% Electrophoresis chip simulation  
% Uses Gauss's Law model and  
%     includes models for circuit leakage, equipment capacitance, and  
%     substrate connection 
 
close all; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% USER INPUTS                                                    % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
% Setup simulation resolution, covered area, and runtime             
num_electrodes = 20;    %number of electrodes to simulate  
 % save time by simulating smaller space -- use less electrodes 
resolution = 1e-6; %m   %spatial resolution of the simulation 
 % smaller resolution needs to run longer 
time_step = .01;   %s   %time between each step 
 % time_step can be bigger instead of smaller resolution to save time 
total_time = 5;  %s    %total time to simulate 
    %if samples appear not to separate, lower resolution or increase time_step 
start_step = 1;       %must start with start_step=1 (with parasitics set) 
 % after first run, change start_step when voltages or electrodes change 
 % Ex. start_step=1, V1=V2=0; start_step=20, V1=1, V2=2, F1=6, F2=16; 
 %     start_step=249, V1=2, V2=1, F1=7, F2=17; then analyze final results 
 
% Setup input voltages and starting electrodes                           
voltage1_set = 1; %V   %voltage on F1; 0-5 are valid 
voltage2_set = 2; %V   %voltage on F2; 0-5 are valid  
F1 = 6;       %Electrode voltage 1 is on (2-101 are valid inputs) 
F2 = 16;     %Electrode voltage 2 is on (F1 < F2) 
S0 = 9;  %Electrode that senses (different leakage model than other electrodes) 
S1 = 11;  %Electrode that senses 
 
% Determine parasitics to run -- 1 is on and 0 is off 
leak = 1;        %circuit leakage 
substrate = 0;    %substrate connection 
equip = 1;        %equipment capacitance 
 
 
 



 

196 

% Setup samples                                      
%    assumes salt water                              
epsilonR = 80;         %permittivity of water 
epsilon0 = 8.85e-12; %F/m  %permittivity in vacuum 
epsilon = epsilonR * epsilon0; 
sigma = 0.5;  %S/m    %conductivity of salt water 
mobility = 5e-8;  %m^2/V-s %using same mobility for + & - analytes 
 % 3e-8 - 5e-8 m^2/V-s typical for ions 
 % found 1.9444 e-8 for 200bp DNA and 1.8472 for 400 bp DNA  
D_A = 2.78e-9;     %m^2/s     % diffusion coefficient for + analyte 
D_B = 1.39e-9;     %m^2/s     % diffusion coefficient for - analyte 
 % Ex. H2O = 2.3e-9 m^2/s; Na=1.3e-9, Cl=2.0e-9 
                     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% END OF USER INPUTS                                             % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
if start_step==1 %initialize variables 
 A = zeros(size,size); 

v = ones(1,size-1); 
A = A + diag(v,-1); 
B = A - eye(size); 
C = ones(size,size); 
D = tril(C,-1); 
E = (resolution/epsilon) * D; 

 
 % Customized for this chip.  Electrodes are 6um wide with 12um spacing 
    lpm = 1e-6/resolution;   %spatial locations per micron 
    lp6m = round(6*lpm);      %spatial locations per 6 microns 
    lpe = lp6m * 3;           %spatial location per electrode 
    active_lpm = ones(1,lp6m); %ones in each spatial location containing electrode  
    inactive_lpm = zeros(1,lp6m); %zeros in space where there is no electrode 
    electrode = [inactive_lpm active_lpm inactive_lpm];  
     %each "electrode" has 6um metal and 6um space on both sides 
    electrode_array = repmat(electrode,1,num_electrodes);  
  % electrode_array has 1 where electrode exists and 0 where no electrode 
 
 % columns will be space and rows will be time 
    steps = ceil(total_time/time_step);    %round up for the number of rows  
    size = length(electrode_array);  %number of columns 
 
    %initialize variables -- initialized once, then reused in further simulations 
    voltage_array = zeros(steps,size); %x=time y=voltage in space  
    voltage1 = zeros(steps,1); 
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    voltage2 = zeros(steps,1); 
    Q_for_I1 = zeros(steps,1); 
    Q_for_I2 = zeros(steps,1); 
    E_array = zeros(steps,size); 
    % Q_pos_array and Q_neg_array charges can move in the field 
    % Q_for_calc takes into account fixed charges on electrodes 
    Q_pos_array = zeros(steps,size); %x=time y=space 
    Q_neg_array = zeros(steps,size); 
    Q_for_calc = zeros(steps,size); 
    Q_leak_array = zeros(steps,size); 
     
     if (leak == 1)   % for circuit leakage calculation 
        V_diff = zeros(steps,size); 
        i_diff = zeros(steps,size); 
        v_electrodes = zeros(steps,size); 
        V_leak = zeros(steps,size); 
        i_leak = zeros(steps,size); 
        q_cap = zeros(steps,size); 
        q_diode = zeros(steps,size); 
        q_smu = zeros(steps,size); 
        r_fluid = 1e3;    %[ohm] 
        c_line = .1e-12;  %[F] 
        i_diode = 10e-8; %[A] 
        i_diode_smu = 1e-7; %[A] 
        c_smu = 23e-12; %[F] 
        r_smu = 1.17e12; %[ohm] 
    end     %end leakage variables 
     
    if (equip ==1) % for test equipment capacitance on force electrodes  
         R1_p=8e6;  
  R2_p=300e6;  
  C_p=50e-9;  
  Rp_p=1/((1/R1_p)+(1/R2_p));  
  tao_p=Rp_p*C_p; 
    end     % end equipment capacitance variables 
    
    if (substrate == 1)  % for substrate connection to fluid 
         R1=8e6;  
  R2=2.6e6;  
  C=2.5e-6;  
  Rp=1/((1/R1)+(1/R2));  
  tao=Rp*C; 
    end      % end substrate connection variables 
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    %pointer to force electrodes in the array (voltage can't change) 
    %put the charge for an electrode at one point in the array 
    E1_index_point = lp6m * 3 * (F1-2) + lp6m + ceil(lp6m/2); 
    E2_index_point = lp6m * 3 * (F2-2) + lp6m + ceil(lp6m/2); 
    dist = abs(E2_index_point-E1_index_point)*resolution; 
    S0_index_point = lp6m * 3 * (S0-2) + lp6m + ceil(lp6m/2); 
    S1_index_point = lp6m * 3 * (S1-2) + lp6m + ceil(lp6m/2); 
 
    %array of electrode index points (so voltage on each electrode can be output) 
    electrode_indexes = zeros(1,num_electrodes); 
    electrode_indexes(1) = lp6m + ceil(lp6m/2); 
    for a=2:num_electrodes 
        electrode_indexes(a) = electrode_indexes(a-1) + lp6m*3; 
    end 
    %leakage only happens at those points 
         
    % calculate charge (Q) in the system due to voltages and charge in sample 
    % assume charge from sample is spread across entire simulation area 
    %   charge concentration (coulombs) 
    Q_per_location = sigma / mobility / lpm / 2 * 10e-6 * dist * 1e-6;    

%C/location  
    rho = ((voltage2_set-voltage1_set) * epsilon * 2)/dist; 
 
    Q_pos_array(1,:) = Q_per_location; 
    Q_neg_array(1,:) = -Q_per_location; 
% end start_step =1 
 
else  % if continuing simulation with different voltage settings 
    Q_pos_array(start_step+1:steps,:) = zeros(steps-start_step,size); 
    Q_neg_array(start_step+1:steps,:) = zeros(steps-start_step,size); 
     
    %pointer to active electrodes in the array (voltage can't change) 
    %put the charge for an electrode at one point in the array 
    E1_index_point = lp6m * 3 * (F1-2) + lp6m + ceil(lp6m/2); 
    E2_index_point = lp6m * 3 * (F2-2) + lp6m + ceil(lp6m/2); 
    dist = abs(E2_index_point-E1_index_point)*resolution; 
    S0_index_point = lp6m * 3 * (S0-2) + lp6m + ceil(lp6m/2); 
    S1_index_point = lp6m * 3 * (S1-2) + lp6m + ceil(lp6m/2); 
end % end initial setup 
 
voltage1(start_step)=voltage1_set; 
voltage2(start_step)=voltage2_set; 
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% test equipment capacitance calculation  
if (equip == 1) 
    voltage1(start_step) = voltage1_set*(R2_p/(R1_p+R2_p))*(1-exp(-

time_step/tao_p)); 
    voltage2(start_step) = voltage2_set*(R2_p/(R1_p+R2_p))*(1-exp(-

time_step/tao_p)); 
end 
 
% LEAKAGE - through drains and sources on chip                                 
% leakage on electrodes connected to sensing SMUs is different                 
% electrodes connected for forcing SMUs don't have circuit leakage           
 
if (leak == 1) 
    v_electrodes(start_step,:) = voltage_array(start_step,:); 
 
    %leakage on all electrodes 
    for a = electrode_indexes 
        if (v_electrodes(start_step,a) >= 0) 
            i_leak(start_step,a) = i_diode*(1-exp(-

v_electrodes(start_step,a)/0.0259)); 
        else 
            i_leak(start_step,a) = 0; 
        end 
        q_diode(start_step,a) = i_leak(start_step,a)*time_step; 
        v_elect_long = voltage_array(start_step,a) - r_fluid*i_leak(start_step,a); 
        q_cap(start_step,a) = (v_electrodes(start_step,a) - 

v_elect_long)*c_line*(exp(-time_step/r_fluid/c_line)-1); 
        v_electrodes(start_step,a) = v_elect_long + (v_electrodes(start_step,a) - 

v_elect_long)*exp(-time_step/r_fluid/c_line); 
        Q_leak_array(start_step,a) = q_diode(start_step,a) + q_cap(start_step,a); 
    end 
 
    %leakage on sense electrodes 
        a = S0_index_point; 
        if (v_electrodes(start_step,a) >= 0) 
            i_leak(start_step,a) = i_diode_smu*(1-exp(-

v_electrodes(start_step,a)/0.0259)); 
        else 
            i_leak(start_step,a) = 0; 
        end 
        q_diode(start_step,a) = i_leak(start_step,a)*time_step; 
        v_elect_long = (voltage_array(start_step,a)/r_fluid - 0.5/r_smu -

i_leak(start_step,a))*(r_fluid*r_smu/(r_fluid+r_smu)); 
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        q_cap(start_step,a) = (v_electrodes(start_step,a) - 
v_elect_long)*c_line*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 

        q_smu(start_step,a) = (v_electrodes(start_step,a) + 0.5)*time_step/r_smu 
+ (v_electrodes(start_step,a) - v_elect_long)*c_smu*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 

        v_electrodes(start_step,a) = v_elect_long + (v_electrodes(start_step,a) - 
v_elect_long)*exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu))); 

        Q_leak_array(start_step,a) = q_diode(start_step,a) + q_cap(start_step,a) + 
q_smu(start_step,a); 

        a = S1_index_point; 
 
        if (v_electrodes(start_step,a) >= 0) 
            i_leak(start_step,a) = i_diode_smu*(1-exp(-

v_electrodes(start_step,a)/0.0259)); 
        else 
            i_leak(start_step,a) = 0; 
        end 
 
        q_diode(start_step,a) = i_leak(start_step,a)*time_step; 
        v_elect_long = (voltage_array(start_step,a)/r_fluid - 0.5/r_smu -

i_leak(start_step,a))*(r_fluid*r_smu/(r_fluid+r_smu)); 
        q_cap(start_step,a) = (v_electrodes(start_step,a) - 

v_elect_long)*c_line*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 

        q_smu(start_step,a) = (v_electrodes(start_step,a) + 0.5)*time_step/r_smu 
+ (v_electrodes(start_step,a) - v_elect_long)*c_smu*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 

        v_electrodes(start_step,a) = v_elect_long + (v_electrodes(start_step,a) - 
v_elect_long)*exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu))); 

        Q_leak_array(start_step,a) = q_diode(start_step,a) + q_cap(start_step,a) + 
q_smu(start_step,a); 

 
    v_electrodes(start_step,E1_index_point) = voltage1(start_step); 
    v_electrodes(start_step,E2_index_point) = voltage2(start_step); 
end   % end of circuit leakage calculations    
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Charge, Voltage, Electric Field calculation                                  % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
Q_for_calc(start_step,:) = Q_pos_array(start_step,:) + 

Q_neg_array(start_step,:) - Q_leak_array(start_step,:); 
%calculate Q where voltages are set 
Q_for_calc(start_step,E1_index_point) = (voltage1(start_step)-

voltage2(start_step))*epsilon/dist; 
Q_for_calc(start_step,E2_index_point) = 0; 
for x=1:E1_index_point-1 
    Q_for_calc(start_step,E1_index_point) = 

Q_for_calc(start_step,E1_index_point) - Q_for_calc(start_step,x); 
end 
for x=E1_index_point+1:E2_index_point-1 
    Q_for_calc(start_step,E1_index_point) = 

Q_for_calc(start_step,E1_index_point) - 
Q_for_calc(start_step,x)*(E2_index_point-x)*resolution/dist; 

end 
Q_for_calc(start_step,E2_index_point) = -sum(Q_for_calc(start_step,:)); 
 
% calculate voltage array 
F = (E*Q_for_calc(start_step,:)'); 
voltage_array(start_step,:) = B\F; 
voltage_array(start_step,:) = voltage_array(start_step,:) - 

(voltage_array(start_step,E1_index_point) - voltage1(start_step)); 
 
%calculate E field from voltage_array 
E_array(start_step,:) = -gradient(voltage_array(start_step,:),resolution); 
 
%calculate Q contributing to current on fixed voltages  
Q_for_I1(start_step) = (voltage1(start_step)-voltage2(start_step))*epsilon/dist - 

Q_for_calc(start_step,E1_index_point); 
Q_for_I2(start_step) = (voltage2(start_step)-voltage1(start_step))*epsilon/dist - 

Q_for_calc(start_step,E2_index_point); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Iterate over time                                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
for i = start_step+1:steps  %for each row (time step) 
     
    % calculate concentration gradients for diffusion calculation 
    diffA = diff(Q_pos_array(i-1,:)); %diff(X) is matrix of row differences 
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    diffB = diff(Q_neg_array(i-1,:)); % =[X(2)-X(1) X(3)-X(2)...X(n)-X(n-1)] 
    % calculate diffusion 
    for j=1:1:length(diffA) %for each spacial location  
        Q_pos_array(i,j) = Q_pos_array(i,j) + (diffA(j)*D_A*time_step); 
        Q_pos_array(i,j+1) = Q_pos_array(i,j+1) - (diffA(j)*D_A*time_step); 
        Q_neg_array(i,j) = Q_neg_array(i,j) + (diffB(j)*D_B*time_step); 
        Q_neg_array(i,j+1) = Q_neg_array(i,j+1) - (diffB(j)*D_B*time_step); 
    end 
     
    % calculate movement caused by electric field 
    % if E is positive, positive charge moves right; if E is negative, moves left 
    for j = 1:size-1  %for each spacial location starting at the leftside of chip 
        moveA = mobility * E_array(i-1,j) * time_step * lpm * 1e6;  
        moveA = round(moveA); %in spatial locations 
         
        if (j<E1_index_point) 
            if (j+moveA >=E1_index_point) 

                Q_pos_array(i,E1_index_point) = Q_pos_array(i,E1_index_point) + 
Q_pos_array(i-1,j); 

            elseif (j+moveA < 1) 
                Q_pos_array(i,1) = Q_pos_array(i,1) + Q_pos_array(i-1,j);  
            else 

                Q_pos_array(i,j+moveA) = Q_pos_array(i,j+moveA) + 
Q_pos_array(i-1,j); 

            end     
            if (j-moveA >=E1_index_point) 

                Q_neg_array(i,E1_index_point) = Q_neg_array(i,E1_index_point) + 
Q_neg_array(i-1,j); 

            elseif (j-moveA < 1) 
                Q_neg_array(i,1) = Q_neg_array(i,1) + Q_neg_array(i-1,j); 
            else 

                Q_neg_array(i,j-moveA) = Q_neg_array(i,j-moveA) + 
Q_neg_array(i-1,j); 

            end 
        end 
   
        if (j>E2_index_point) 
            if (j+moveA <=E2_index_point) 

                Q_pos_array(i,E2_index_point) = Q_pos_array(i,E2_index_point) + 
Q_pos_array(i-1,j); 

            elseif (j+moveA >= size) 
                Q_pos_array(i,size) = Q_pos_array(i,size) + Q_pos_array(i-1,j);  
            else 
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                Q_pos_array(i,j+moveA) = Q_pos_array(i,j+moveA) + 
Q_pos_array(i-1,j); 

            end 
            if (j-moveA <=E2_index_point) 

                Q_neg_array(i,E2_index_point) = Q_neg_array(i,E2_index_point) + 
Q_neg_array(i-1,j); 

            elseif (j-moveA > size) 
                Q_neg_array(i,size) = Q_neg_array(i,size) + Q_neg_array(i-1,j); 
            else 

                Q_neg_array(i,j-moveA) = Q_neg_array(i,j-moveA) + 
Q_neg_array(i-1,j); 

            end 
        end 
         
        if (j>=E1_index_point && j<=E2_index_point) 
            if (j+moveA <=E1_index_point) 

                Q_pos_array(i,E1_index_point) = Q_pos_array(i,E1_index_point) + 
Q_pos_array(i-1,j); 

            elseif (j+moveA >=E2_index_point) 
                Q_pos_array(i,E2_index_point) = Q_pos_array(i,E2_index_point) + 

Q_pos_array(i-1,j); 
            else 

                Q_pos_array(i,j+moveA) = Q_pos_array(i,j+moveA) + 
Q_pos_array(i-1,j); 

            end 
            if (j-moveA <=E1_index_point) 

                Q_neg_array(i,E1_index_point) = Q_neg_array(i,E1_index_point) + 
Q_neg_array(i-1,j); 

            elseif (j-moveA >=E2_index_point) 
                Q_neg_array(i,E2_index_point) = Q_neg_array(i,E2_index_point) + 

Q_neg_array(i-1,j);  
            else 

                Q_neg_array(i,j-moveA) = Q_neg_array(i,j-moveA) + 
Q_neg_array(i-1,j); 

            end 
        end 
    end    % end movement of charges due to electric field 
 
 % calculate new voltage and electric field arrays 
    voltage1(i) = voltage_array(i-1,E1_index_point); 
    voltage2(i) = voltage_array(i-1,E2_index_point); 
 
    Q_for_calc(i,:) = Q_pos_array(i,:) + Q_neg_array(i,:) - Q_leak_array(i-1,:); 
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    %test equipment capacitance 
    if (equip == 1) 
        voltage1(i) = voltage1_set*(R2_p/(R1_p+R2_p))*(1-exp(-time_step*(i-

start_step)/tao_p)); 
        voltage2(i) = voltage2_set*(R2_p/(R1_p+R2_p))*(1-exp(-time_step*(i-

start_step)/tao_p)); 
    end 
     
    %substrate connection 
    if (substrate == 1)   
        voltage1(i) = voltage1(i)*((R2/(R1+R2))+(R1/(R1+R2))*exp(-(time_step*(i-

start_step))/tao)); 
        voltage2(i) = voltage2(i)*((R2/(R1+R2))+(R1/(R1+R2))*exp(-(time_step*(i-

start_step))/tao)); 
    end 
     
    %leakage 
    if (leak == 1) 
        Q_for_calc(i,E1_index_point) = (voltage1(i)-voltage2(i))*epsilon/dist; 
        Q_for_calc(i,E2_index_point) = 0; 
        for x=1:E1_index_point-1 
            Q_for_calc(i,E1_index_point) = Q_for_calc(i,E1_index_point) - 

Q_for_calc(i,x); 
        end 
        for x=E1_index_point+1:E2_index_point-1 
            Q_for_calc(i,E1_index_point) = Q_for_calc(i,E1_index_point) - 

Q_for_calc(i,x)*(E2_index_point-x)*resolution/dist; 
        end 
        Q_for_calc(i,E2_index_point) = -sum(Q_for_calc(i,:)); 
 
        Q_for_I1(i) = Q_for_calc(i-1,E1_index_point) - 

Q_for_calc(i,E1_index_point); 
        Q_for_I2(i) = Q_for_calc(i-1,E2_index_point) - 

Q_for_calc(i,E2_index_point); 
        F = (E*Q_for_calc(i,:)'); 
        voltage_array(i,:) = B\F; 
        voltage_array(i,:) = voltage_array(i,:) - (voltage_array(i,E1_index_point) - 

voltage1(i)); 
        E_array(i,:) = -gradient(voltage_array(i,:),resolution); 
 
        for a = electrode_indexes 
            if (v_electrodes(i-1,a) >= 0) 
                i_leak(i,a) = i_diode*(1-exp(-v_electrodes(i-1,a)/0.0259)); 
            else 
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                i_leak(i,a) = 0; 
            end 
            q_diode(i,a) = i_leak(i,a)*time_step; 
            v_elect_long = voltage_array(i,a) - r_fluid*i_leak(i,a); 
            q_cap(i,a) = (v_electrodes(i-1,a) - v_elect_long)*c_line*(exp(-

time_step/r_fluid/c_line)-1); 
            v_electrodes(i,a) = v_elect_long + (v_electrodes(i-1,a) - 

v_elect_long)*exp(-time_step/r_fluid/c_line); 
            Q_leak_array(i,a) = Q_leak_array(i-1,a) + q_diode(i,a) + q_cap(i,a);         
        end 
        %leakage on sense electrodes 
        a = S0_index_point; 
            if (v_electrodes(i-1,a) >= 0) 
                i_leak(i,a) = i_diode_smu*(1-exp(-v_electrodes(i-1,a)/0.0259)); 
            else 
                i_leak(i,a) = 0; 
            end 
            q_diode(i,a) = i_leak(i,a)*time_step; 
            v_elect_long = (voltage_array(i,a)/r_fluid - 0.5/r_smu -

i_leak(i,a))*(r_fluid*r_smu/(r_fluid+r_smu)); 
            q_cap(i,a) = (v_electrodes(i-1,a) - v_elect_long)*c_line*(exp(-

(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 
            q_smu(i,a) = (v_electrodes(i-1,a) + 0.5)*time_step/r_smu + 

(v_electrodes(i-1,a) - v_elect_long)*c_smu*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 

            v_electrodes(i,a) = v_elect_long + (v_electrodes(i-1,a) - 
v_elect_long)*exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu))); 

            Q_leak_array(i,a) = Q_leak_array(i-1,a) + q_diode(i,a) + q_cap(i,a) + 
q_smu(i,a); 

        a = S1_index_point; 
            if (v_electrodes(i-1,a) >= 0) 
                i_leak(i,a) = i_diode_smu*(1-exp(-v_electrodes(i-1,a)/0.0259)); 
            else 
                i_leak(i,a) = 0; 
            end 
            q_diode(i,a) = i_leak(i,a)*time_step; 
            v_elect_long = (voltage_array(i,a)/r_fluid - 0.5/r_smu -

i_leak(i,a))*(r_fluid*r_smu/(r_fluid+r_smu)); 
            q_cap(i,a) = (v_electrodes(i-1,a) - v_elect_long)*c_line*(exp(-

(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 
            q_smu(i,a) = (v_electrodes(i-1,a) + 0.5)*time_step/r_smu + 

(v_electrodes(i-1,a) - v_elect_long)*c_smu*(exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu)))-1); 
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            v_electrodes(i,a) = v_elect_long + (v_electrodes(i-1,a) - 
v_elect_long)*exp(-
(r_fluid+r_smu)*time_step/(r_fluid*r_smu*(c_line+c_smu))); 

            Q_leak_array(i,a) = Q_leak_array(i-1,a) + q_diode(i,a) + q_cap(i,a) + 
q_smu(i,a); 

 
        Q_for_calc(i,:) = Q_pos_array(i,:) + Q_neg_array(i,:) - Q_leak_array(i-1,:); 
        v_electrodes(i,E1_index_point) = voltage1(i); 
        v_electrodes(i,E2_index_point) = voltage2(i); 
    end    %end circuit leakage calculation 
 
    % calculate new charge distribution (charge on forced electrodes) 
    Q_for_calc(i,E1_index_point) = (voltage1(i)-voltage2(i))*epsilon/dist; 
    Q_for_calc(i,E2_index_point) = 0; 
    for x=1:E1_index_point-1 
        Q_for_calc(i,E1_index_point) = Q_for_calc(i,E1_index_point) - 

Q_for_calc(i,x); 
    end 
    for x=E1_index_point+1:E2_index_point-1 
        Q_for_calc(i,E1_index_point) = Q_for_calc(i,E1_index_point) - 

Q_for_calc(i,x)*(E2_index_point-x)*resolution/dist; 
    end 
    Q_for_calc(i,E2_index_point) = -sum(Q_for_calc(i,:)); 
 
 % calculate charge causing current on fixed electrodes 
    Q_for_I1(i) = Q_for_calc(i-1,E1_index_point) - 

Q_for_calc(i,E1_index_point); 
    Q_for_I2(i) = Q_for_calc(i-1,E2_index_point) - 

Q_for_calc(i,E2_index_point); 
 
    % solve for V 
    F = (E*Q_for_calc(i,:)'); 
    voltage_array(i,:) = B\F; 
    voltage_array(i,:) = voltage_array(i,:) - (voltage_array(i,E1_index_point) - 

voltage1(i)); 
    % solve for electric field 
    E_array(i,:) = -gradient(voltage_array(i,:),resolution); 
end 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% End of time iteration                                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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% calculate current (I)  at electrodes with set voltages 
I_at_voltage1 = Q_for_I1/time_step; 
I_at_voltage2 = Q_for_I2/time_step; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Graph stuff                                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%for voltage_array, E_array, and Q_arrays through space 
plot_times = [230 250 270 290 310 330 300]; 
space_range = ':'; 
 
%for electrode voltages and currents over time 
plot_locations = [electrode_indexes(6) electrode_indexes(7) 

electrode_indexes(9) electrode_indexes(11) electrode_indexes(13) 
electrode_indexes(15) electrode_indexes(17)]; 

time_range = 1:500; 
 
colors = ['-+b '; '-sr '; '-xg '; '-ok '; '-^m '; '-.*b'; '-.pr' ; '-.vg']; 
  
for x=1:length(plot_times) 
    figure(1); hold on;  
    plot((1:size)*resolution,voltage_array(plot_times(x),space_range),colors(x,:)) 
 
    figure(2); hold on;  
    plot((1:size)*resolution,E_array(plot_times(x),space_range),colors(x,:)) 
     
    figure(3); hold on;  
    plot((1:size)*resolution,Q_pos_array(plot_times(x),space_range),colors(x,:)) 
 plot((1:size)*resolution,Q_neg_array(plot_times(x),space_range),colors(x,:), 

'HandleVisibility','off')     
end 
 
for x=1:length(plot_locations) 
    figure(4); hold on;  
    plot((time_range-1)*time_step,I_at_voltage1(time_range),'-xr'); 
    plot((time_range-1)*time_step,I_at_voltage2(time_range),'-+b'); 
 
    figure(5); hold on;  
    plot((time_range-1)*time_step,voltage_array(time_range,plot_locations(x)),

 colors(x,:)) 
end 
 
figure(1); hold on; xlabel('distance [m]'); ylabel('voltage [V]'); title('voltage');  
%axis([0 4e-4 0 2.2]); 
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legend('time = 2.3s','time = 2.5s','time = 2.7s','time = 2.9s','time = 3.1s','time = 
3.3s','time = 3.5s'); 

figure(2); hold on; xlabel('distance [m]'); ylabel('electric field [V/m]'); 
title('electric field'); 

%axis([0 4e-4 -2000 8000]); 
legend('time = 2.3s','time = 2.5s','time = 2.7s','time = 2.9s','time = 3.1s','time = 

3.3s','time = 3.5s'); 
figure(3); hold on; xlabel('distance [m]'), ylabel('charge concentration [C]'), 

title('charge'); 
legend('time = 2.3s','time = 2.5s','time = 2.7s','time = 2.9s','time = 3.1s','time = 

3.3s','time = 3.5s'); 
figure(4); hold on; xlabel('time'), ylabel('current [A]'), title('Force1 and Force2 

Current');     
legend('Force1 current','Force2 current'); axis([0 5 -1e-5 1e-5]); 
figure(5); hold on; xlabel('time [s]'), ylabel('voltage [V]'), title('voltage on 

electrodes');     
%axis([0 5 -0.5 2.5]); 
legend('Electrode 6','Electrode 7','Electrode 9','Electrode 11','Electrode 

13','Electrode 15','Electrode 17'); 
 
%make movie of charges migrating 
figure(50) 
for(i=1:steps) 
    hold off 
    axis([0 400 -2e-6 2e-6]); 
    plot([1:size]*resolution,Q_pos_array(i,space_range), '-r', 

[1:size]*resolution,Q_neg_array(i,space_range),'-b'); 
    plot([1:size]*resolution,voltage_array(i,space_range),'-xb'); 
    hold on 
    axis([0 400e-6 -2e-6 2e-6]); 
    xlabel('distance [m]'), ylabel('charge concentration [C]');  
    title(['charge distribution, time = ' num2str(i*time_step) ' s']) 
    Z(i) =getframe(gcf); 
end 
movie2avi(Z,'movie.avi','fps',2); %fps=frames per second  
 
%% end of MATLAB code 
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