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ABSTRACT 

A MEMS-based solid state corrosion sensor based on the metal particle polymer 

composite materials has recently been proposed by the Engineered Micro/Nano-Systems 

Laboratory at the University of Arkansas. The sensor consists of micro/nano-scale metal 

particles embedded in a polymer (elastomer) matrix. The variability in the chemical and 

dimensional properties of the sensor element will provide the tailorability in sensor 

sensitivity, selectivity, time response, and operating life-span. This thesis focuses on the 

electrical resistivity property of the sensor element and the MEMS-based patterning 

technique for the fabrication of the sensor element. The investigation of the electrical 

resistivity as a function of particle mass or volume percentage provides the understanding 

of the role size plays in the selection of the metal particles.. Three types of particles, 

carbon, silver-coated aluminum, and nickel, have been studied with the mass percentage 

ranges of 13-15%, 63-65%, and 64-68%, respectively. Due to the natural oxidation of the 

metal particle surfaces, a wet etch approach is used to demonstrate the feasibility of oxide 

removal for particles prior to embedding in the polymer (using HC1 on Nickel particles). 

After etching, these particles are then rinsed by IPA (Isopropyl alcohol), and mixed with 

polymer material in nitrogen gas environment to prevent further oxidization. The mixed 

metal particle polymer composite material can then be used to pattern the sensor element. 

The basic Direct Polymer Patterning On Substrate Technique (DPPOST) is used to 

microfabricate the sensor element. DPPOST has the ability to form a wide range of 

structural features found in MEMS, from tens of millimeter structures to micrometer 

level resolutions. A modified process has been researched to provide higher robustness in 
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the fabrication process, with the goal of achieving near 100% patterning yields. The 

modified-DPPOST process uses conformal coating of Omnicoat™ nano-films to provide 

a barrier between the SU-8® and the patterned polymer, hence reducing stiction during 

the release process. Research performed in this thesis provides a stepping stone to the 

further development of a MEMS-based corrosion sensor. 
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CHAPTER 1 
INTRODUCTION 

1.1 Corrosion and Corrosive Monitoring 

Corrosion is defined as the destructive and unintended attack of a metallic material, 

which is associated with electrochemical reactions and starts at the surface of the metal 

material [1]. The corrosion process that occurs for metals is normally based on the 

formation of metal oxides and the subsequent degradation of such oxides that then lead to 

further oxidization of the metal [1,2,3]. The process that metal atoms lose electrons is 

regarded as the oxidation part of the reduction-oxidation reaction. The electrons 

generated from the oxidation of the metal atom are then transferred to a reducing reaction, 

typically generating negative ions of oxygen. These reactions are often more volatile in 

aqueous solutions due to the enhanced mobility of these ions over the immersed surfaces. 

An example of the electrochemical corrosion for metal is given by considering the nickel 

metal. Nickel atoms become positive charged by the oxidation process, while providing 

the excess electrons needed for the reduction process of the oxygen molecule. The 

resulting ionic reaction is the formation of the nickel (nickel (III) oxide) on the surface of 

the metal. The overall "oxidation" reaction of the nickel to form its oxide is 

4Ni + 3 0 2 ^ 2Ni203 

The oxidation reaction of nickel atoms is, 

Ni->Ni3 + + 3e" 

with the complimentary reduction reaction of 

0 2 + 4e_ ^ 20"2 

Interestingly, in the case of nickel, the formation of the oxide often provides it as a 

protective barrier. However, this is not the case for most other metals (such as iron, 

1 
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copper, and brass) where the corrosion of metallic materials causes material loss, stress 

concentrations, and structural damage. The result is that corrosion leads to considerable 

cost. The annual cost of corrosion in U.S. is estimated to be about $300 billion (~4% of 

the gross domestic product) [4,5]. For the petrochemical and pharmaceutical industries 

alone the annual cost is about $2.5 billion [5]. The large cost to nations suggests that 

study of corrosion formation and methods of identifying corrosion's forms are crucial. 

The damage from corrosion can take many forms. There are several different 

methods to categorize the types of corrosion. A widely acceptable classification based on 

three standards is shown below [6]: 

1. Those recognizable with the unaided eye. 

2. Those that are more easily discerned with specific aids (e.g., dye penetrants, 

microscopy). 

3. Those that can only be identified definitely by optical or electronic microscopy. 

According to the above standards, there exist nine types of corrosion forms. 

1. Uniform attack 

Uniform attack causes the metal to be consumed uniformly over the entire surface 

that is wetted within the corrosive environment. The penetration of metal by corrosion at 

any point on the surface is no greater than twice of the average rate. Uniform attack is 

usually the least threatening type of attack, allowing one to forecast with some accuracy 

the probable life of equipment. Except in rare cases of a grossly improper choice of 

material for a particular service, failures of metals by uniform attack are not often 

encountered. 

2 
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However, uniform attack is the most common corrosion form in reality, such as the 

internal corrosion of pipeline, the corrosion of the buried or immerged steel structures, 

and the corrosion of copper alloy under seawater. From the point view of measurement, 

uniform attack is detectable and its effect is predictable. Therefore, monitoring uniform 

attack is less challenging comparing with other types of corrosion (introduced later). Our 

MEMS-based sensor is designed to monitor the uniform attack. 

2. Pitting corrosion 

Pitting corrosion is a localized form of corrosion by which cavities or "holes" are 

produced in the material. Pitting is considered to be more dangerous than uniform 

corrosion damage because it is more difficult to detect, predict, and design against. A 

small, narrow pit with insignificant overall material loss can lead to the failure of an 

entire engineered system. 

3. Crevice corrosion 

Crevice corrosion occurs in cracks or crevices formed between mating surfaces of 

metal assemblies, and usually takes the form of pitting or etched patches. Both surfaces 

may be of the same metal or of dissimilar metals. It can also occur under scale and 

surface deposits and under loose-fitting washers and gaskets that do not prevent the entry 

of liquid between them and the metal surface. Crevices may proceed inward from a 

surface exposed to air, or may exist in an immersed structure. 

4. Galvanic corrosion 

Galvanic corrosion refers to corrosion damage induced when two dissimilar materials are 

coupled in a corrosive electrolyte. In metallic couple, the less noble material becomes the 

anode and tends to corrode at an accelerated rate, compared with the uncoupled condition, 

3 
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while the more noble material will act as the cathode in the corrosion cell. The electrical 

connection needed to complete the circuit is provided by the contact between the two 

metals. The rate of corrosion activity is governed by the relative positions of the metals in 

the galvanic series, the more widely separated the metals are in the series the faster is the 

corrosion due to the greater difference in the electrochemical potential between them. 

5. Erosion-corrosion 

Erosion-corrosion is associated with a flow-induced mechanical removal of the 

protective surface film that results in a subsequent corrosion rate increase via either 

electrochemical or chemical processes. It is often accepted that a critical fluid velocity 

must be exceeded for a given material for this type of corrosion to be severe. The 

mechanical damage by the impacting fluid imposes disruptive shear stresses or pressure 

variations on the material surface and/or the protective surface film. The morphology of 

surfaces affected by erosion-corrosion may be in the form of shallow pits, horseshoe 

shapes, or other local patterns related to the flow direction [6]. 

6. Fretting corrosion 

Fretting corrosion refers to corrosion damage at the asperities of contacting surfaces. 

Such damage is induced under load and in the presence of repeated relative surface 

motion, as induced, for example, by vibration. Pits or grooves and oxidized debris 

characterize this damage, typically found in machinery, bolted assemblies, and ball or 

roller bearings [6]. 

7. Intergranular corrosion 

Intergranular corrosion is a form of localized attack in which a narrow path is 

corroded out preferentially along the grain boundaries of a metal. It initiates on the 

4 
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surface and proceeds by local cell action in the immediate vicinity of a grain boundary. 

Although the detailed mechanism of intergranular corrosion varies with the metal system, 

its physical appearance at the microscopic level is quite similar for most systems. The 

effects of this form of attack on mechanical properties may be extremely harmful. The 

driving force is a difference in corrosion potential that develops between a thin grain 

boundary zone and the bulk of the immediately adjacent grains. The difference in 

potential may be caused by a difference in chemical composition between these two 

zones. Such a difference may develop as a result of migration of impurities or alloying 

elements in an alloy to the grain boundaries. If the concentration of alloying elements in 

the grain boundary region becomes sufficient, a second phase or constituent may separate 

or precipitate. This may have a corrosion potential different from that of the grains (or 

matrix) and cause a local cell to form. 

8. Dealloying 

Another type of localized corrosion involves the selective removal by corrosion of 

one of the elements of an alloy by either preferential attack or by complete dissolution of 

the matrix. Various kinds of selective dissolution have been named after the alloy system 

that has been affected, usually on the basis of the element dissolved. 

9. Environmental cracking 

Mechanical forces usually have little if any effect on the overall corrosion of metals. 

Compressive stresses do not cause cracking. In fact, shot peening is often used to reduce 

the susceptibility of metallic materials to fatigue, and other forms of cracking. 

Environmental cracking is defined as the brittle fracture of a normally ductile material in 

which the corrosive effect of the environment is a factor. Environmental cracking can 

5 
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occur with a wide variety of metals and alloys and includes all of the types of corrosion 

failures listed below: 

• Corrosion fatigue. 

• Hydrogen embrittlement. 

• Hydrogen-induced cracking (HIC), a cathodic process. 

• Hydrogen stress cracking. 

• Liquid metal cracking (LMC), usually a physicochemical process. 

• Stress corrosion cracking (SCC), an anodic process. 

• Sulfide stress cracking (SSC). 

For different types of corrosion, the first step to solving corrosion problems is 

corrosion monitoring. Corrosion monitoring refers to corrosion measurements performed 

under industrial or practical operating conditions. In its simplest form, corrosion 

monitoring may be described as acquiring data on the rate of material degradation. For 

detecting and controlling the corrosion deterioration, the corrosion monitoring techniques 

must be developed and is actually considered as a mature field. However, it depends on 

what one would call maturity when the associated cost is still prohibitively high. In 

general, there are three types of corrosion monitoring techniques [5]: offline, online, and 

real-time measurements. The typical offline measurement is based on the application of 

material coupons that have composition similar to that of the process equipment of 

interest. The measurement data usually come from measured change of metal thickness 

(such as from ultrasonic inspection on coupon components or electrical resistance 

measurement) or weight loss of coupons [30]. It takes months, even years sometimes, to 

finish measurement and data collection by offline approach [30]. Data collected indicate 

6 
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corrosion only after the deterioration has occurred. Offline measurement can only provide 

average corrosion rate in the data collection period and does not provide any information 

of the peak corrosion rates and its associated conditions. 

For online measurement, the probe used to monitor corrosion is connect to a data 

memory device that is able to record data of corrosion rate measurements automatically 

over weeks or months. However, the data acquired cannot be accessed or processed in 

real-time. Another disadvantage is the corrosion information only can be obtained after 

the damage has happened. 

In the above two approaches, problems are viewed after the corrosion damage and 

cannot directly link causes and effects immediately, thus preventing mitigation efforts. In 

order to continuously monitor the corrosion and obtain feedback data, real-time 

measurement techniques is used [30]. The real-time measurement uses on-board memory 

of a single transmitter to transport corrosion data [5]. It often applies advanced electrical 

measurement techniques with analysis algorithms such as Harmonic Distortion Analysis 

(HDA) to provide higher corrosion rate reporting in real-time [5, 6]. 

Real-time measurement techniques can monitor large process equipment by 

distributing sensors across the equipment. This often results in using a large amount of 

sensors for real-time measurement of large structures or infrastructures. Traditionally, a 

sensor probe is made by using the same or similar metal material to that of the monitored 

equipment. The sizes of these sensors are often on the order of centimeters and have long 

sensor time constants (from minutes to hours). For example, T. Prosek and M. Kouril's 

real time corrosion monitoring device in atmospheric conditions yields a time response of 

1-2 hours [7]. A recent report from Russell Kane reported a 7 minutes response time. 

7 
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However, the performance between sensitivity and life is often coupled (high sensitivity 

yields a short life sensor due to the design of the sensing element) [8]. 

Thus, the two key attributes of the proposed Micro-Electro-Mechanical System 

(MEMS) sensor are high sensitivity and long sensor life, in addition to other possible 

advantages typical of MEMS devices. MEMS technology has been successful in the 

physical sensing context and has yielded a range of small, rugged and inexpensive 

devices such as accelerometers, strain gauges, microphones, air mass flow sensors, 

pressure sensors, and more recently gyroscopes and yaw-rate sensors [39]. Some MEMS 

sensors have been developed to meet the demanding needs of the automotive industry 

and are used by the millions in engine management systems, to trigger air bags and in 

anti-rollover, vehicle stability control, and GPS navigation systems [39]. It terms of 

chemical (gas) sensing, the predominant sensing material used in MEMS is based on 

metal oxide thin films. These are relatively simple chemo-resistive devices while several 

more complex MEMS-based gas sensors based on techniques such as NDIR (non-

dispersive IR absorption), thermal conductivity, and photoacoustics, together with micro-

spectrometers, have recently enjoyed a limited but growing degree of commercial success 

[39]. However, the common problem in such devices is its degraded performance when 

compared to the benchmarking method of mass-spectroscopy. For example, miniaturized 

NDIR sensors suffer from low sensitivities due to the necessarily short optical path-

lengths involved, restricting their use to applications involving relatively high gas 

concentrations [39]. 

MEMS technology has exerted an impact on physical sensing and growing impact on 

gas sensing, but currently is of minimal impact on chemical sensing. MEMS technology 

8 
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is able to provide batch processing (low cost), lithographic alignment (high resolution), 

small device (decrease material weight, power and high sensitivity), and IC compatibility 

(smartness). For example, a MEMS chemical vapor sensor (with sensor element 

dimension of 400u,mX400urnX25um with response time on the order of seconds) has 

been fabricated using the Direct Polymer Patterning On Substrate Technique, [9, 10] 

from which the MEMS corrosion sensor currently under development as part of this 

thesis is derived. 

1.2 Objectives 

This thesis presents the preliminary work of my doctorate research project, which is 

to develop a MEMS-based corrosion sensor with metal particle polymer composites. It 

includes three main objectives and their related tasks (my overall research focus being 

shown in bold): 

1. Design and fabricate the metal particle polymer composite sensor. 

*Selection of metal particles (type, size, percentage) 

*Choose proper polymer for matrix usage 

^Determine sensor dimension and fabrication parameters 

2. Study the diffusion of gas molecules through the composite material and 

the associate corrosion properties. 

^Experimentally investigate gas diffusion and test the diffusion 

coefficients 

* Apply Molecular Dynamics (MD) simulation to study the discrete atomic 

mechanisms associated with gas molecule diffusion through the polymer 

membrane 

9 
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3. Correlate corrosion rate to electrical resistivity of metal particle 

polymer composites. 

*Experimentally measure sensor characteristics by using Electrical 

Resistance (ER), and Electrochemical Noise (ECN) 

* Develop a coupled diffusion corrosion model to study the passivation of 

the metallic particles due to gas molecule interactions. 

The figure below shows the relational diagram of the objective. 

MEMS-based Corrosion Sensor 

Fabricate metal particle polymer 
composites sensor element 

Metal 
particle 

selection 

Type, Size, 
Percentage 

Polymer 
selection 

POMS 

Sensor 
dimension 
selection 
(MEMS) 

Depends on 
metal size & 

real 

applications 

Test gas diffusion (Diffusion 
coefficients) 

Experimental 
Testing of 
Diffusion 

coefficients 

Molecular 
dynamics 

simulations 

Correlate corrosion rate to electrical 
resistivity change of composites 

Experimental 
measurements 
using ER, , 

ECN 

Simulation model 
under Kinetic 
Monte Carlo 
framework 

Figure 1 Flow chart of the sub-components toward the development of the MEMS-
based Corrosion Sensor 

The objectives of this thesis research are to characterize the electrical resistivity 

property with respect to metal particle mass and volume percentage of three types of 

metal; to perform preliminary experiment to remove oxides of nickel particles for the 

future investigation of oxide removal of other types of metal particles; to provide a 

10 
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modified fabrication technique to achieve better pattern yield in the sensor fabrication. 

These studies will provide useful data for the further development of the corrosion sensor, 

which would be my Ph. D dissertation project. 

1.3 Mechanism of Corrosion Sensor 

The mechanism of the corrosion sensor is based on the mass transport of corrosive 

species through the sensor matrix [11, 12]. When the metal particles embedded in the 

matrix corrode, the electrical resistivity increases, due to the increase of particle 

resistances. The resistivity change can be converted to electrical signal that can be 

detected to monitor corrosion rate. This type of sensor has high sensitivity due to its 

micro-size; it also has the ability to tailor the dimension of the composite material thanks 

to the MEMS-based fabrication technique. As mentioned above, to successfully fabricate 

the corrosion sensor, the fundamental parameters related to sensor element material 

(metal particle type, size, and mass percentage in composites), sensor electrical properties 

(electrical resistivity), and fabrication technique (MEMS-based polymer pattering 

technique) needed to be determined first, as presented in this thesis. 

1.4 Electrical Properties of the Sensing Composites 

The first work done in the thesis is to experimentally determine the electrical 

resistivity of different composites that consist of different metal particles. Because the 

electrical path is formed by the contact of metal particles between each other in the 

matrix [9, 10], the conductivity of the composite also depends on the mass percentage of 

the metal particle (see chapter 2 section 2.1). The characterization of the electrical 

properties of the material, especially the resistivity, as a function of metal particle mass 

percentage (which is related to the volume percentage through the material density) is 

11 
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measured. Three types of particles (carbon, silver-coated aluminum and nickel) are tested. 

Carbon particle has been tested in previous experiments involving the chemical vapor 

sensors. Silver-coated aluminum particles are tested because their surfaces are noble and 

less susceptible to oxidation or other effects so that they can be used as a reference sensor 

to cancel out undesired but inherent factors such as temperature, humidity, and pressure. 

Additionally, due to the sedimentation of metal particles in polymer matrix during the 

mixing of the metal particles and the polymer, the difficulty of homogenous mixture of 

particles with matrix occurs. To solve the sedimentation problem, a two step cure 

approach to cure polymer is demonstrated in the description of electrical property 

characterization. 

1.5 Oxide removal of metal particles 

It has been discovered during experiments to measure the electrical resistivity of 

aluminum and stainless-steel that an insulative barrier exists on the particle. Although the 

extent of this effect depends on the type of metals and metal-oxides, it results in the 

variability of the resistivity measurements and ultimately will affect sensor sensitivity. 

For example nickel oxide (NiO or Ni203), is electrically insulative although not as fast 

forming as aluminum oxides, resulting in reduced electrical conduction when compared 

to those of pure nickel particle. Due to the relatively large surface area to volume ratio of 

micro size particles, the surface insulation effect can dominate the sensor performance in 

the MEMS corrosion sensor under development. 

This thesis provides an oxide removal approach based on the wet etching technique 

using acidic solutions that reacts specifically with the oxidized coating of different metal 

particles (etching of nickel oxides using hydrochloric acid was demonstrated). The 

12 
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resulting solution of the acid and metal particles is then repeatedly diluted and partially-

dumped using IPA (Isopropyl alcohol), thus preventing the re-oxidization of the metal. 

The remaining metal is collected and baked in inert gas (N2) environment to prevent the 

further oxidation of the metallic surface so that the collected metal particles can be used 

in the sensor fabrication. The experiment done as part of this thesis demonstrated the 

dramatic decrease in the resistivity of the nickel particles after performing oxide removal. 

But future work is needed to find out the appropriate acids for different type of metal 

particles such as aluminum or steel. For example, hydro fluoric (HF) acid is proposed to 

etch aluminum oxide [14]; acetic acid can be used to etch copper oxide without attacking 

copper [15]. However, emphasis will be made to avoid highly toxic chemicals like HF 

whenever possible. 

1.6 MEMS Fabrication of Sensor Element 

The fabrication technique used to pattern the MEMS sensor element is called Direct 

Polymer Patterning On Substrate Technique (DPPOST), which was developed to pattern 

polymer (elastomers) based on lift-off technique [3, 13]. As shown in the Fig. 2, the 

DPPOST is similar to lift-off approach. It employs the Omnicoat™ as the sacrificial layer 

to remove the supporting wall surrounding the desired pattern. DPPOST has been proved 

to be a successful technique for fabricating polymer based material that are difficult to 

etch or deposit. But due to our goal to achieve near 100% fabrication yield, a modified 

approach to DPPOST is provided in this thesis based on forming a vertical Omnicoat™ 

layer to reduce the stiction between the polymer and the mold. 

13 
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Substrate BSU-8® HOmnicoat™ •Polymer 

Figure 2 The process flow of DPPOST 

2.7 Organization of the thesis 

This thesis is divided into six chapters. The present chapter gives an introduction and 

overview of the thesis. In Chapter 2, the electrochemical transduction mechanism of 

metal particle polymer composites is described. In Chapter 3, the removal of metal oxide 

of nickel particles by wet etching is presented. In Chapter 4, the fabrication techniques of 

Direct Polymer Patterning On Substrate Technique (DPPOST) and its modified approach 

are shown. Finally, Chapter 5 summarizes the conclusions and proposed studies for future 

work. 

14 
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CHAPTER 2 
ELECTROCHEMICAL TRANSDUCTION MECHANISM OF METAL 

PARTICLE POLYMER COMPOSITES 

2.1 Introduction 

In this chapter the electrical properties of metal particle polymer composites is 

discussed. As mentioned above, the mechanism of the corrosion sensor is based on the 

mass transport of corrosive species through the sensor matrix. As illustrated in Fig. 3, 

when the metal particles in the matrix corrode, the electrical resistivity of the material 

increases due to increasing particle resistances or reduction of conducting surfaces. The 

MEMS-based fabrication of this sensor design directly results in the ability to control the 

dimensional properties of the metal particles and polymer matrix, which provides the 

tailorability in sensor sensitivity, selectivity, time response, and operating life-span. 

diffusion of ions and corroding agents 

'olymer Matrix 

Figure 3 The corrosion mechanism of the sensor 

Because the electrical path is formed by the contact of metal particles between each 

other in the matrix [16, 17], the conductivity of the composite also depends on the mass 

percentage of the metal particles (or more correctly the volume percentage). For the 

purpose of engineering the sensor performance, studies of mass and volume percentage 

of particles in PDMS versus resistivity have been conducted. The sample particles chosen 
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in the preliminary test are carbon-black, silver-coated aluminum, and nickel particles. 

Carbon-black and silver-coated aluminum particles are less susceptible to oxidization and 

corrosion in natural environment. Therefore both can be used as the reference sensor to 

subtract inherent but undesired sensitivities, such as temperature and pressure. The nickel 

particles are then used as the target material for corrosion sensing. The particle-

composite fabrication procedure encountered complications when the particle material 

density becomes much larger than the PDMS or when the size of the particle is on the 

micron-level or larger. The particles will sink to the bottom due to the gravity force acting 

on it, thereby cause a non-homogenous mixture. To solve this problem, a two step curing 

approach to treat PDMS has been described in this section. 

Another design characteristic of the MEMS corrosion sensor being developed is the 

inert matrix material in the form of the PDMS polymer. PDMS polymer is a widely used 

material in MEMS due to their unique properties, including high chemical inertness, 

electrical insulating, surface properties, proper thermal/electrical insulation and stability, 

and low Young's modulus [18]. Since the sensor design is itself in micro-scale, the 

proportion of corrosive material loss of a directly exposed sensing element will be 

invariably fast, resulting in a reduced sensor life. Thus, the PDMS matrix material for the 

corrosion sensor will slow down the metal particle corrosion rate, resulting in prolonged 

sensor life. Furthermore, the large increase in electrical resistivity due to a small increase 

in particle spatial separation (or due to insulation from oxidation) provides inherent 

sensor amplification, counterbalancing the reduced sensor sensitivity due to the inert 

PDMS coating. The sensor sensitivity is also inherently increased due to the relatively 

large surface area of the sensing element, when compared to the traditional analogs [19]. 
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The electrical resistance (ER) technique is been used here to measure the electrical 

resistivity as a function of mass (or volume) changes [20]. ER is an "on-line" method of 

monitoring the rate of corrosion and the extent of total metal loss for any metallic 

equipment or structure. The ER technique measures the effects of both the 

electrochemical and the mechanical components of corrosion such as erosion or 

cavitations. It is the only on-line, instrumented technique applicable to virtually all types 

of corrosive environments [20]. Although universally applicable, the ER method is 

uniquely suited to corrosive environments having either poor or non-continuous 

electrolytes such as vapors, gases, soils, "wet" hydro-carbons, and non-aqueous liquids 

[20]. 

Another corrosion measurement is Electrochemical Noise (ECN). It refers to the 

electrical fluctuations in the corrosion potential and corrosion current flow. ECN 

monitoring can be further subdivided into electrochemical potential noise (ECPN) 

measurements and electrochemical current noise (ECCN) measurements [22]. The 

combined monitoring of potential and current is particularly useful, leading to full 

electrical impedance measurement. Fluctuations in the corrosion potential can indicate a 

change in the thermodynamic state of corrosion processes; while changes in the current 

noise are indicators of the corrosion kinetics [23]. The combination of potential and 

current noise measurements has also been used to estimate corrosion rates; the 

methodology is related to measuring the polarization resistance. Electrochemical noise 

data can provide an indication of the type of corrosion damage that is occurring; it is 

widely used to distinguish between general and localized attack. The severity of localized 

can also be gauged by the number and shape of the noise transients [22]. 

17 



www.manaraa.com

For the measurement of resistivity versus mass (volume) percentage, ER would be 

applied. ECN would be applied in future measurement due to the more complex 

instrumentation required that is beyond the scope of this thesis work.. 

2.2 Experiment and Data Analysis 

In the experiments described here, the carbon-black (Carbon black, acetylene, 100% 

compressed, diameter 45nm, 500g bulk), silver-coated aluminum (-200mesh, Ag 19-21 

wt/%, diameter 74um, lOOg bulk), and nickel (-325mesh, diameter 44um, 500g bulk) 

particles are purchased from Alfa Aesar , Inc. The PDMS base and cross-linking agent 

(Sylgard® 184) are purchased from Dow Corning Company. The mixture ratio used for 

the PDMS monomer and cross-linker is 10:1. After the PDMS is prepared, it is then 

mixed with the particle materials. A plastic mold, as shown in Fig. 4, with two gold-

plated pins (fixed by epoxy) separated by a channel groove is used for resistivity tests. 

The composite mixture are then squeegeed into the plastic mold with standard 

microscope slides, as shown in Fig. 5. The size of the groove is 6.35mm x 2.54mm x 

2.032mm (Length x Depth x Width). The sample is cured in a microclimate chamber 

(CSZ® Inc. MCBH) at temperatures and durations depending on the specific experiment. 

Two different samples with carbon black composite and silver-coated aluminum 

composite filled up, respectively, are also shown in Fig. 5. 

, \ I 

Figure 4 The first step curing time versus temperature 
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Figure 5 Sample with carbon black particles (Left) Sample with silver-coated aluminum 

particles (Right) 

The particle-composite fabrication procedure above encountered complications when 

the particle density becomes much larger than the PDMS or when the size of the particle 

is on the micron-level or larger. Since the particle densities (carbon~2.267g/cm3, silver-

coated aluminum~4.258g/cm3, and nickel~8.908g/ cm3) are higher than those of the 

PDMS (1.03g/cm3), these particles will settle down at the bottom even after mixing them 

homogenously, which causes inaccurate resistance measurement. The particle 

sedimentation time can be calculated by Newton's second law and Stokes' Law. As 

shown in Fig. 6, the kinematics of the single particle in aqueous PDMS is defined by 

gravity force, buoyant force, and friction forces. 

•Particle 

--TOMS 

Figure 6 Forces on the particle in the PDMS solution prior to curing 

According to Newton's second law, where, Fg,Fb and 7^ are gravity force, buoyant force 

and friction force, respectively. Because, 

ma = Fg-Fb- Ff 

ma = p particle particle 
a s 

dt' 

0) 

(2) 
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g P particle * particle 

Fb= pPDMS xgxVparticle (4> 

ds 
and with Stokes' Law Ff = 6 x n x -"mUS x R'particle x ^~ (5) 

Where, m is the mass of a single particle; a is the acceleration of the particle; g is the 

gravitational constant; pparticle is the density of the particle; pPDMS is the density of 

PDMS; V icle is the volume of single particle; nPDMS is the viscosity of PDMS; and 

Rparticle ls m e radius of the particle. Combine the five equations above, equation (1) can 

be written as: 

d s ds 
p particleVparticle ~~2 = pparticlegVparticle ~ pPDMSgVparticle ~ 67rfiPDMSRparticle ~^ (6) 

Solving this second order ordinary derivative equation, the general solution of the 

displacement is, 

6^PDMSR particle 

J ^particle particle 
{~C\PparticleVparticlee + 8Vparticle^particle ' PPDMS'1 + bK^PDMSRparticleLl^ 

particle 

(7) 

For the case of a static particle starting at the top of the mixture, the initial 

displacement and velocity are both zero. The boundary condition is listed as S(0)=0; 

S'(0)=0. According to the initial conditions the constants CI and C2 can be solved so that 

particle sedimentation time can be calculated by equation (7). For instance, the silver-

coated aluminum, with a nominal diameter 74 urn and density of 4.258g/cm (using 

density of silver- 10.49g/cm3 and aluminum~2.70g/cm3 at 20 wt-% Ag) is used to 

calculate its sedimentation time in PDMS. The viscosity of the PDMS, juFDMS , is 

4.575Pa»s. Using the known parameters and the two boundary conditions, the 
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sedimentation time versus distance can be plot as shown in Fig. 7. Since the depth of the 

sample holder is S=2.54mm, from Fig. 7 it indicates that the silver coated aluminum 

particle at the top will take ~1200s (~20min) to sink to the bottom. This presents a major 

issue with the fabrication of the specimen since typically it takes over 24 hours to allow 

curing of the sample at ambient conditions (20°C). 
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Figure 7 Sedimentation time versus displacement 

To prevent particle settle-down, a two-step curing approach is used to process PDMS. 

The first curing step generates partial cross-linking in the PDMS matrix to increase the 

viscosity of PDMS. Then, the particles are mixed with PDMS and cured without the 

sedimentation problem. Because of the high viscosity and limited pre-cross-link, the 

particles do not sediment appreciably, thus forming a near homogenous composite. The 

formation of cross-link in the matrix should not be reversible, which will not increase the 

total curing time (sum of the both steps in the two-step approach) of the PDMS. The time 

of the first curing step and the time of complete curing at different temperatures are 

shown in Fig. 8 (the weight of PDMS in each test is 2.0g). 
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Figure 8 The two-step curing time versus temperature 

A simple calculation by applying equation (7) indicates the change of viscosity 

dramatically affects the length of the sedimentation time. A simple variational study of 

increasing the viscosity at 50% increments is shown in Fig. 9. It demonstrates that the 

viscosity is an important parameter that can be manipulated experimentally to affect the 

sedimentation time. In further work, an experiment will be done to measure the viscosity 

of PDMS by different curing time to experimentally verify the results. 
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Figure 9 Sedimentation time versus displacement with respect to viscosity 
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Fig. 10 shows the graph of viscosity versus sedimentation time for the sample holder 

depth used in the experiments (2.54mm). The sedimentation time increases almost 

linearly with the increase of the viscosity of PDMS. The graph also shows that the two-

step curing approach does help solve the sedimentation problem and resulting in a 

homogenously mixed sample since the time required for the particle to fully sink to the 

bottom is now on the order of thousands of minutes versus the tens of minutes required to 

cure the sample at elevated curing temperature (80°C). It should be noted that single 

curing steps of curing at higher temperatures are not advised due to the high porosity of 

the cured composite (since the trapped air bubbles in the PDMS does not have sufficient 

time to desorb). 
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Figure 10 Sedimentation time versus displacement 

2.3 Resistivity Measurement 

Using the two-step curing process, the resistivities of three different metal particles 

are experimentally derived as a function of mass and volume percentages. The formulas 

below are used to calculate the mass and volume percentages, respectively. 
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, , . Mass of particles /ir\ Mass percentage — (15) r a Mass of particles+Mass of PDMS v ' 

., , . Volume of particles /is\ 

Volume percentage = — (16) 
r Volume of particles+Volume of PDMS v ' 

According to the dimension of the groove and the measured resistances, the electrical 

resistivity p can be calculated by, 

A 
p = R-

1 (17) 

Where p is the electrical resistivity (measured in ohm-meters, Q cm); R is the electrical 

resistance of the sample (measured in ohms, Q); / is the length of the groove (measured in 

meters, cm); A is the cross-sectional area of the groove (measured in square meters, cm2). 

For the carbon black particle samples, the resistivity versus mass percentage and the 

resistivity versus volume percentage are plotted in Fig. 11 and Fig. 12, respectively. Fig. 

11 shows that for the mass percentage ll%-20%, the resistivity decreases when the 

carbon particle mass percentage rises. Once the mass percentage is below 11%, the 

resistance becomes too high to be measured by our instrument (>20MQ). On Fig. 12, the 

same data as those in Fig. 11 is converted to volume percentage using the nominal 

diameters of the particles given by the manufacturer. The trend of data points obeys the 

power law as usually observed in percolation phenomenon, which means a small change 

of mass (volume) percentage will cause a large change of resistivity. For example, when 

carbon particle mass percentage increases from 12% to 13%, the resistivity will increase 

7.25xl04 Q .cm. That indicates the sensor sensitivity can be guaranteed even with the 

PDMS barrier. 
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Figure 11 Resistivity versus mass percentage of carbon black particle 
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Figure 12 Resistivity versus volume percentage of carbon black particle 

Fig. 13 and Fig. 14 show the resistivity versus mass percentage and the resistivity versus 

volume percentage of silver-coated aluminum particle samples, respectively. The mass 

percentage is from 50% to 70%, and the interval is 5%. Fig. 11 indicates that there are no 

measurable resistivity values below 60% percentage. However, once the mass percentage 
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reach above 60%, the resistivity suddenly becomes extremely low. After reaching 65%, 

the resistivity stays nearly constant. The power law fit here is not as good as the carbon 

black particles, which warrants more detailed investigations in the future. 
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Figure 13 Resistivity versus mass percentage of silver-coated aluminum particle 
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Figure 14 Resistivity versus volume percentage of silver-coated aluminum particle 

Fig. 15 and Fig. 16 are graphs of nickel particle composite resistivity versus mass and 

volume percentage. The mass percentage is from 60% to 80%, and the interval is 5%. 
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Fig. 15 indicates that there is no measurable resistivity below 60% percentage. However, 

as the mass percentage reach to 60%, the resistivity value is larger than silver-coated 

aluminum sample at the same mass percentage. The data points also obey power law thus 

a large sensor sensitivity value can be expected. 
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Figure 15 Resistivity versus mass percentage of nickel particle sample 
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Figure 16 Resistivity versus volume percentage of nickel particle sample 
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The above experiments show the electrical resistivity of the sensor element relative to 

metal particles' mass and volume percentages to Polydimethylsiloxane (PDMS) matrix. 

Three types of particles carbon black, silver-coated aluminum and nickel were tested. The 

graphs of resistivity versus mass and volume percentage of each of three type particles 

are shown. The reason of investigating the resistivity by different mass or volume 

percentage of metal particle is to provide engineering guidelines in future corrosion 

sensor development. It also presents the solution to the sedimentation problem of metal 

particles in liquid PDMS in mixture and curing process. It was shown that manipulating 

the viscosity of the PDMS is a practical method in eliminating sedimentation. 
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CHAPTER3 

REMOVAL OF OXIDE ON METAL PARTICLES FOR FABRICATING MEMS-
BASED CORROSION SENSOR 

3.1 Introduction 

As mentioned in Chapter 1, the oxide of metal particles is often disadvantageous for 

the electrical conductivity and sensitivity of the corrosion sensor. Due to the relatively 

large surface area to volume ratio of nano- and micron-sized particles, any changes in the 

surface property will dominate the electrical characteristics of the metal particle polymer 

composite. 

This chapter provides an oxide removal approach based on the wet etching process. 

Diluted hydrochloric acid is applied to react with the oxidized coating of the metal 

particles (e.g. nickel). The resulting chemical reaction is a soluble metal chloride solution 

that is repeatedly diluted and dumped by IPA (Isopropyl alcohol) solvent, which prevents 

re-oxidization of the metal particle while immersed in the solution. The remaining pure 

metal particles are then collected and baked and then used in the sensor fabrication. 

3.2 Experiment 

In this experiment, nickel particle is used to do the preliminary test. Nickel oxide 

reacts with hydrochloric acid easily. The generated nickel chloride is soluble in water. 

Moreover, nickel chloride does not react with IPA solvent, which means the nickel 

chloride is rinsed out without further reaction to the bare metal particles. Nickel particles 

(-325mesh, typically 99.8% <metals basis>) used in the experiment are sourced from 

AlfaAesar®Inc[25]. 

The first step is to dilute the hydrochloric acid (wt 36.5%; EMD Chemicals, Inc.) to a 

lOOmL solution of O.Olmol/L concentration with de-ionized water. Then, 0.5g of the 
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nickel particles are added in the solvent. The nickel oxide reacts with hydrochloric acid, 

which has the following chemical equation (1): 

NiO + 2HC1 -»NiCl2 (soluble) + H20 (1) 

Ni+ 2HCl^NiCl 2 (soluble)+ H2 (gas) (2) 

Initially, the color of solution will change to green gradually, which is the color of 

NiCl2. After 15minutes, there are bubbles coming out from the bottom, which means the 

hydrochloric acid starts reacting with the pure nickel and the gas is hydrogen molecules, 

as indicated in equation (2). The reaction is sustained for 90min in order to be sure of 

removing all nickel oxides. Then the nickel particles are prepared for rinsing, drying, and 

collection. 

The key to success in this experiment is to prevent the pure nickel particles to be 

exposed in the air and be oxidized again. A glove box is set up to achieve the necessary 

protective environment. A sealed glove box with bleeding valve is filled up with nitrogen 

gas (concentration 99.5%, welder's grade). The dumping and rinsing of the residual 

solution by using IPA solvent 4 times is used to dilute and remove the nickel chloride 

solution. Then the particles are poured on a filter paper and baked on the hotplate at 80°C 

for 1 hour in the glove box to vaporize the residual IPA mixure with nickel particles. The 

mass of collected nickel particles is about 0.22-0.3 lg, representing roughly 50% mass 

loss. Because the process is operated in a nitrogen gas environment, these nickel particles 

cannot be re-oxidized. The deoxidized particles are then mixed with PDMS at varying 

mass percentages to measure the resistivity of the samples and compare to the same mass 

percent nickel particle samples to investigate the quality of the de-oxidizing experiment. 
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In this step, the same PDMS (Sylgard 184) is used as in previous experiments. 

When mixing the PDMS, typically, the mixture ratio of PDMS monomer and curing 

agent is 10:1 by mass. After the PDMS is mixed, it is blended with the etched nickel 

particles. The density of pure nickel is 8.908g/cm3, which is higher than the density of 

PDMS (~1.03g/cm3). These particles will settle down at the bottom when mixing, which 

causes inaccurate resistance measurement of an assumed homogenous composite. In 

order to improve the accuracy of the material characterization, it is necessary to mix up 

PDMS with the anti-sedimentation method described in the previous chapter.. 

For the deoxidized nickel particle sample, the resistivity versus etching time is plotted 

in Fig. 17, which shows that, at mass percentage of 70%, with the etching time 15-90min, 

the resistivity decreases when the etching time increases. Once the etching time is above 

90min, the resistance becomes fairly constant. When the etching time reaches to 90min, 

sample resistivity decreases to 0.66Qcm. 
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Figure 17 Resistivity versus mass percentage of nickel particles with oxide removal 
process 
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Fig. 18 and Fig. 19 show the resistivity versus mass percentage and the resistivity 

versus volume percentage of nickel particle without de-oxidation, respectively. For Fig. 

18, the mass percentages are in the range from 60% to 80%, and the interval is 2%. Fig. 

18 indicates that there is no measurable resistivity below 60% percentage. However, for 

the samples with oxide removal, at 70% (etched by only 15min) the resistivity decreases 

down to 3.89Qcm. On the other hand, at 70% for particles that was not etcched, the 

resistivity value is 11.9^cm, which is much higher comparing to the resistivity of the 

sample with oxide removal process at the same percentage, 3.89Qcm. This result 

demonstrates that oxide removal process do improve the electrical transduction of the 

composite. Fig. 19 shows the equivalent plot of the resistivity versus volume percentages 

from 14% to 32%. 
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Figure 18 Resistivity versus mass percentage of nickel particles without oxide removal 
process 
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Figure 19 Resistivity versus volume percentage of nickel particles without oxide 
removal process 

3.3 Results and Analysis 

This chapter provides an approach to solve the oxidation problem of metal particles. 

Chemical wet etching is the main process applied in this approach. After de-oxidization, 

these fresh metal particles are rinsed and baked in nitrogen gas environment to prevent 

oxidizing again. Then the conductivity of nickel composite sample is investigated. The 

comparison to nickel particle sample without de-oxidation are presented, demonstrating 

that the deoxidized nickel performs better in terms of lower conductivity. 
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CHAPTER 4 
DIRECT POLYMER PATTERNING ON SUBSTRATE TECHNIQUE AND ITS 

MODIFIED APPROACH 

4.1 Introduction 

This chapter describes the basic Direct Polymer Patterning On Substrate Technique 

(DPPOST) process and a modified process currently under development to provide 

higher robustness in the fabrication process, with the goal of achieving near 100% 

patterning yields. The patterning of soft-polymers and elastomers has gained interest in 

the last decade as the material of choice for lab-on-the chip applications; i.e., forming 

micro-fluidic and bio-reactor chambers. Recently, a lithographically compatible 

patterning method for soft-polymers and elastomers have been demonstrated by using 

SU-8® hard polymer resists as robust lift-off molds. This patterning technology, DPPOST, 

has the ability to form a wide range of structural features found in MEMS, from tens of 

millimeter structures to micrometer level resolutions. It has been used to embed nano-

particles, such as carbon-black (~45nm mean radius) and metal particles, and allows 

lithographic alignment of electrodes on micro-fluidic channels previously not possible 

with soft-lithography fabricated PDMS devices. The modified-DPPOST process uses 

conformal coating of Omnicoat™ nano-films to provide a barrier between the SU-8® and 

the patterned polymer, hence reducing stiction during the release process. 

Polymers are widely used materials in MEMS due to their unique properties, 

including high chemical inertness, high elongation ratio, surface properties, proper 

thermal/electrical insulation and stability, and low Young's modulus [26]. Spin-on 

polyimide (PYRALIN®) and SU-8® polymers have been used to provide tailored 

capabilities due to their inherent properties [27]. In addition, vapor deposited polymers, 
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such as parylene, have found widespread usage as conformal protective coatings and 

fluidic seals [28]. 

Despite the availability of polymer materials for MEMS fabrication, patterning 

polymers such as silicone elastomers has remained a common problem [26]. Silicone is 

extremely resistant to reactive ion, oxygen plasma, and chemical etching techniques. It is 

also difficult to pattern silicone directly with photolithography without significantly 

degrading its high elongation ratio and mechanical compliance properties [29]. The 

current methods of patterning soft polymers, like silicone-based materials, using different 

variations of soft lithography generally do not yield high alignment accuracies or full 

wafer patterning with consistent dimensional stability of the patterned features [26, 27]. 

Recently, a surface micromachining technique, utilizing a dissolvable photoresist 

(AZ4620) mold and squeegee, for patterning poly-dimethylsiloxane (PDMS) on solid 

substrates has been developed by K.S. Ryu [28, 29]. However, patterning highly viscous 

polymers with the typical dissolvable photoresists is difficult due to the squeegeeing steps. 

A method of full wafer patterning technique would also be desirable. 

In the past few years, Huang et al. has successfully developed a robust method to 

pattern silicone polymer on substrate directly, which is called Direct Polymer Patterning 

On Substrate Technique (DPPOST) [26]. By using DPPOST, 25um square patterns have 

been achieved. Other advantages of DPPOST include photolithographic alignment 

accuracy, a high dimensional stability, full wafer patterning, and parallel processing 

found in traditional MEMS fabrication [26]. The first MEMS device—chemical vapor 

sensor applying the DPPOST technique has been presented and tested [27, 29, 31]. In 

order to improve the performance of this type of sensor, miniaturization of individual 
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sensor elements is the critical aspect. Using micro-fabrication technology, the sensor 

density can be increased further to provide data redundancy for statistical analysis [12]. 

However, miniaturization of polymer based sensing devices has been a challenging task 

due to the lack of appropriate wet/dry etching methods, as mentioned previously. In order 

to prepare these devices, researchers have used approaches such as immersion [12], spray 

[12], and spincoating [13] of the polymer/carbon black solution onto substrates. The 

overall dimensions of the resulting devices are restricted to the dimension of the substrate 

(or diced pieces of the substrate). 

As described by Huang et al., the DPPOST technique is parallel processing and 

surface micromachining compatible, while the ultimate line-width should only be limited 

by the lithographic resolution of the patterned materials. The percentage of complete 

patterns on the whole wafer is high (-90%), but not 100 percent. Other issues 

experienced include lift-off sensitivity to patterns with high aspect ratios. The main 

reason may be the stiction between the SU-8® mold and the patterned polymer, where 

higher aspect ratio patterns increases such damaging stiction forces. 

The focus of the current modified DPPOST work is to reduce the stiction problem 

discussed above. An extra deposition of Omnicoat™ (MicroChem Corp) is used to 

separate SU-8® and polymer patterns. The most important parameter in the modified 

approach is the deposition and etching rate of the Omnicoat™, which controls the 

thickness and roughness of the lift-off layer. 

4.2 DPPOST Fabrication 

The DPPOST fabrication technique is similar to the lift-off technique that is 

commonly employed in MEMS fabrication of metals. The key difference is that the 
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conformally coated polymer, as oppose to thermally deposited metals, is separated from 

the patterning area through mechanical polishing. The DPPOST uses the SU-8® 

(MicorChem) as the photo-lithographically patterned sacrificial layer for lifting-off the 

top coat of the conformally deposited polymer. As part of the standard lifting off 

procedure of the SU-8®, a thin layer of Omnicoat™ is used to act as the sacrificial layer 

between the substrate and the SU-8®. Omnicoat™ is an organic compound that also acts 

as adhesion promotion for SU-8®. It is nominally 15nm thick and can be easily removed 

by oxygen plasma, Remover PG®, or TMAH based developers [23]. 

SU-8® is a negative photoresist commonly used in the MEMS fabrication of high-

aspect ratio microdevices. The advantages of SU-8® over other types of photoresists 

include high aspect ratio, hydrophobic surfaces, high dielectric constant, and temperature 

stability; yielding deep robust structures [26]. SU-8® is also easy to spin onto a wafer and 

can range in thickness from <lum to >200 um in a single spin coat, depending on the 

specific type of SU-8 used. 

Substrate BSU-8® Q Omnicoat™ BPolymer 

Figure 20 The process flow of DPPOST 

The general process flow of the DPPOST technique is shown in Fig. 20. First, a thin 

dissolvable Omnicoat™ is deposited on a silicon wafer. Typically, the Omnicoat™ is 
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spin-coated onto the wafer at a speed of 3000rpm. Then it is baked on hotplate at 200°C 

for 1 minute. Then, by using SU-8® 2025 spin-coated at 3000rpm a film thickness of 

about 30um is achieved [23]. The standard 2-step soft bake for the SU-8® at 65°C for one 

minute and 95°C for five minutes is then used prior to exposure. 

To pattern the SU-8® the wafer is exposed on a Karl Suss MA-150 top-side aligner. 

The required total energy of SU-8® for this thickness is 150 mJ/cm2 [26], which 

corresponds to 23.1 seconds of exposure at 6.5 mW/cm. In accordance with the 

manufacturer's recommendation, a UV filter is used to eliminate UV radiation below 350 

nm which eliminates cracks in the SU-8® and allows better sidewall definition [26]. The 

adjustments on exposure time for using the filter and patterning on a silicon wafer are an 

additional 40% and 50% respectively [26]. The total exposure time used is thus 48.5 

seconds. 

After exposure a Post Exposure Bake (PEB) step is required at 95°C for five minutes 

[26]. The SU-8® developer composed of l-Methoxy-2-Propanol Acetate is used as a wet 

etch and the wafer is dipped in the bath for approximately five minutes. If the SU-8 is 

not developed enough the pattern would turn white as if it were frosting when rinsed with 

IPA. The wafer can be dipped back into the developer until it is fully developed. The 

wafer is then etched in oxygen plasma to ash the exposed Omnicoat™, which is done for 

five minutes with a gas flow rate of 80sccm and RF power of 250W. 

As part of the patterning process for the silicone carbon-black sensor, typically the 

10:1 mass ratio of RTV615A to RTV615B, respectively, is used. This elastomer is very 

similar in mechanical and electrical property to PDMS and is used here simply for direct 

comparison with previously published works. Carbon-black particles with average sizes 
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of 0.042 microns is then mixed with the silicone compound at 20% by weight and then 

applied to each individual SU-8® mold using a glass slide. The polymer takes 

approximately 24 hours to completely cure. A diamond abrasive pad is used to polish the 

surface of the wafer and remove the excess top coated polymer. The wafer is then dipped 

in a bath of Remover PG® (MicroChem) heated to a temperature of 130°C. The remover 

PG dissolves the Omnicoat™ layer and allows the SU-8® layer to lift off. By applying 

the DPPOST technique, 25um square patterns are obtained. Smaller patterns have also 

been fabricated using DPPOST [1]. 

However, sometimes the lifting-off process of the SU-8® for DPPOST has problem 

as illustrated in Figure 21. The figure shows an example that some parts of the element 

are torn off and the sidewalls are not sharp. The reason for this is that the sidewalls of the 

elastomers stick with SU-8®. Sometimes residual SU-8® remains on the edge of patterns 

while parts of patterns have been stripped off after development. This is especially true 

when the side-walls of the SU-8® are not properly prepared (negative side wall slopes and 

cracks) and the RTV615 is overly cured, which results in enhanced stiction between the 

elastomer and the mold. This can be avoided with well controlled SU-8® patterning and 

the curing of the deposited polymer. Ideally the DPPOST patterning should be designed 

to be more robust and tolerant of fabrication steps. 

Figure 21 Example of lift-off problems at 40X magnification 
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4.3 Modified Approach of the DPPOST 

In an attempt to correct the problems caused by the lift-off step in DPPOST, a 

second method is developed to allow the silicone elastomers to adhere only to the 

substrate not to the SU-8®. A proposed method is to apply an extra layer of Omnicoat™ 

onto the pattern over the SU-8® layer. Ideally, this layer would create a separation region 

between SU-8® and the deposited polymer, allowing ease of lift-off. 

The process flow of the modified DPPOST is shown in Fig. 22. For the procedure of 

modified DPPOST, the protocol of the original DPPOST is repeated until the application 

of the silicone elastomer material to the pattern. Instead of following with the normal 

DPPOST steps, an extra layer of Omnicoat™ is spun onto wafer at a 3000rpm for 30 

seconds. The wafer is then baked at 200°C for 1 minute. From this point on the modified 

process is identical to the original DPPOST. 

Substrate BSU-8® [jOmnicoat™ •Polymer 

Figure 22 Process flow of modified method for the DPPOST 

To achieve good quality in the resulting structure patternedl, maintaining the 

consistent thickness of Omnicoat™ on vertical sidewall is the key to the modified 
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approach. This thin layer not only decides the SU-8® lift-off, but also decides the quality 

of patterns as compared to the mask image. In the first series of experiments, the extra 

Omnicaot™ layer was spin-coated onto the surface and then etched by oxygen plasma, 

both of which directly determine the thickness and roughness of the vertical Omnicoat™ 

layer; further affecting the final patterns. By spin-coat, the Omnicoat™ solution should 

have been deposited on the surface and covered each individual hole-pattern. However, 

that was not the case. Fig. 23 (top side down image, by Environmental Scanning Electron 

Microscope) demonstrates the cross section of 25um width SU-8 lines patterned on 

substrate, with spin-coated Omnicoat™ between SU-8 patterns. The Omnicoat™ cannot 

fill up the hole-patterns completely while clogging up the top side. It cannot cover the 

SU-8® pattern surface smoothly. The reasons for this phenomenon might be the gap size 

is too small to be filled by Omnicoat™ solvent; or the subsequent bake step 

heterogeneously evaporated the Omnicaot™ inside, reducing its volume. 

Figure 23 Cross section of 25 um width SU-8 lines patterned on substrate (upside down), 

with spin-coated Omnicoat™. Left: Image of cross-section of SU-8® patterns; the width 

of patterned lines is 25 um. Right: the magnified image of the framed area. 
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4.4 Oxygen Plasma Etching Rate Test 

Another factor that affects the vertical layer is the oxygen plasma etching. Typical 

oxygen plasma etching in ashers is anisotropic (non-directional). This means that the 

vertical layer of the Omnicoat™ may be removed by the plasma etching step. Thus, a 

better knowledge of the deposition and etching process of the Omnicoat™ is required for 

properly developing the modified DPPOST process. Thus, an etch rate experiment is 

performed to find the etch rate and coating thickness of the Omnicoat™. The process 

flow of the test experiment is shown in Fig. 24. 

I I Si wafer • Omnicoat™ • Photoresist 

H 

Figure 24 Process flow of testing oxygen plasma etching rate 

First, a 100mm silicon wafer is cut into 10mm x 10mm chips by dicing saw, spin-coat 

with Omnicoat™ and AZ 4620 positive photoresist on each chip. The spinning speed for 

the Omnicoat™ and photoresist are both 3000rpm, which yields film thicknesses of 

roughly 15nm and 9um, respectively. Then, the chips are exposed and developed to 

remove half side of the photoresist, leaving the Omnicoat™ partially exposed. After 

development, they are ashed in oxygen plasma (APE 110 General Purpose Barrel Plasma 

Unit) sequentially with a gas flow rate of 80sccm, 450mtorr, and RF power of 250W. 

The etching time is set from 0.5min to 5.0min in 0.5 min intervals. The masks for the 

etched chips are then stripped in acetone. 
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Atomic force microscope (Multimode in Pico-force Mode, Vecco Corp.) is used to 

measure the height difference between exposed and unexposed part of each chip. Fig. 25 

shows AFM images by etching 0.5min, 2.5min, and 5.0min respectively. 

AFM Images of Etching Rate 

" f 

- • • - I 

_| 

Etching Time 0.5min Etching Time 2.5min Etching Time 5.0min 

Figure 25 AFM images of chips etched by different time 

Plotting the etching time versus depth, the oxygen plasma etching rate for the 

Omnicoat™ can be obtained, as shown in Fig. 26, which is 2.4 nm/min. the value is 

much smaller than expected and this may be due to the slow etch rate of the asher used 

(since the manufacturer's specifications listed 30 seconds etch time as typical). The slope 

of etching rate plot does not pass the origin and is shifted upward. This may be due to the 

asher, which starts the etching timer countdown only after attaining stable plasma. Thus, 

the actual etching time is longer than set time. However, the etch rate should be correct 

since the slope is invariant of the initial etching conditions. 
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Etching Rate Diagram 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 
Time (min.) 

Figure 26 Oxygen plasma etching rate using APE 110 General Purpose Barrel Plasma 
Unit 

Currently, we are repeating the experiment using RIE-based oxygen plasma to 

provide faster etching, better process control, repeatability, and directional etching. Fig. 

27 illustrates the etching rate of the Omnicoat™ due to the RIE (Plasma-Therm SLR 

SERIES). For comparing with the APE 110, the same setting power is used for this RIE-

based asher. From the graph, the Omnicoat™ is almost eliminated in 1 minute. It shows 

that the RIE-based oxygen plasma provides faster etching. Key future experiments 

include the determination of the directional etching of the RIE as opposed to the 

conformal characteristics of the asher, which is needed for the improved DPPOST. Other 

possible side-wall preservation methods may include techniques similar to DRIE. 
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Oxygen Plasma Etching Rate by Plasma Therm SLR 
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Figure 27 Oxygen plasma etching rate using Plasma-Therm SLR. The vertical axis is 
the Omnicoat™ film thickness in nanometers. 

4.5 Optimize the Modified DPPOST Technique 

Due to the problems from spinning-coat Omnicoat™ in the modified DPPOST, two 

methods of using vapor priming to deposit Omnicoat™ is currently ongoing and 

summarized here. Vapor priming methods often provides evenly deposited surfaces and 

that vapor molecule can pass through smaller gap comparing with liquid coating. It can 

also reduce the amount of deposited materials used. Thus, we started to investigate vapor 

priming system as a way to provide the required conformal second Omnicoat™ layer. 

The first method employs a bubbler generator connected with a flask filled with 

Omnicoat™. Nitrogen is bubbled through the Omnicoat™ and its vapor is carried into 

the deposition chamber, where it coats the wafers. The setup of vapor priming is 

illustrated in Fig. 28. 
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Figure 28 Vapor priming illustration 

Another type of vapor priming is called thermal vapor priming, which employs an 

evaporated vapor from a reservoir of liquid Omnicoat™. The Omnicoat™ is heated to 

create vapor, which is then used to coat the wafer placed at a standoff distance above the 

liquid surface. An illustration of this method is shown in Fig. 29. The chips are put on a 

flat surface which is totally seal in the reservoir. The reservoir is heated up to 60°C on a 

hot plate. The temperature is controlled manually by a thermometer. Before the chips are 

put into the reservoir, they are preheated up to 120°C in order to prevent Omnicoat™ 

condensations on the chip. Chips are vapor-primed from 15 to 60 minutes at 15 minute 

intervals. A scalpel (X-acto knife) is used to scratch on the chip. The knife removes the 

soft Omnicoat™ polymer and provides a step for height measurements, performed using 

AFM. 
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Omnicoat™ 

21mm 

Figure 29 Thermal Vapor Priming illustration 

Fig. 30 shows the thickness increment by increasing time. The growth of the 

thickness is very slow, even after one hour the thickness is only 5.837nm. This 

demonstrates that the thermal vapor priming can be applied to grow nano-films of 

Omnicoat™, which contributes to the deposition of Omnicoat™ on the sidewalk 

Thermal-Vapor Priming at 60°C 
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Figure 30 Thermal Vapor Priming Thickness vs. Time 

75 

This chapter presents the Directly Polymer Patterning On Substrate Technique 

(DPPOST) for MEMS fabrication. Additionally, the modified method of the DPPOST is 

also demonstrated here with the intent of improving the fabrication yield toward 100%. 
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The modified approach requires a double coating of the Omnicoat™, which serves as the 

barrier material between the substrate, SU-8®, and the deposited polymer. In order to 

optimize the modified DPPOST, experiments of oxygen plasma etching rate has been 

done to provide accurate etch rate of the Omnicoat™. The etching rate is 2.3996nm/min 

by using APE110 asher, which is smaller than expected, but most likely is due to the 

asher equipment used. It was found that the RIE-based asher provides more efficient 

etching comparing with the APE110 asher. Thermal vapor priming to grow Omnicoat™ 

layer is also demonstrated. The interesting result is that the thickness of the layer is very 

thin at 5.837nm for an hour at 60°C in the reservoir. 

Further work will focus on the new pattern techniques, vapor priming and thermal 

vapor priming, in order to obtain smooth and evenly deposited layer of Omnicoat™. 

Systematic experiments is needed to test the relation between deposited thickness and the 

mass flow rate of nitrogen for the first type of vapor priming; for the second, thermal 

vapor priming, the relationship between deposited thickness, the vapor priming time, 

temperature, and the standoff location needs to be known. These characterization efforts 

are currently on-going. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The electrical resistivity of metal particle to Polydimethylsiloxane (PDMS) matrix 

mass percentages was investigated. Three types of particles: carbon black, silver-coated 

aluminum and nickel were used. The metal particles used were micron-sized instead of 

the nanometer sized carbon particles, resulting in the sedimentation of metal particles 

during sensor element fabrication. It was shown that the viscosity of the PDMS can be 

manipulated for eliminating sedimentation through a two-step curing process. 

In order to eliminate the native oxide layers on metal particles prior to mixing with 

PDMS, an approach to solve the oxidation problem of metal particles has been 

demonstrated. Chemical wet etching is the main process applied in this approach. After 

oxide removal, native metal particles are rinsed in IPA and baked in N2 gas environment 

to prevent re-oxidization. Then the conductivity of nickel composite sample is 

investigated using the above approach with HC1. The comparison to nickel particle 

sample with and without etching are presented and yielded significantly better 

conductivity values. It proves that the developed oxide removal method is applicable to 

nickel particle and theoretically a viable technique for other metal particles. 

Other type of metal particles such as aluminum, stainless, and titanium will be tested 

in the further work. A quick set of corrosion test has been done to investigate the 

corrosion rate of metal particles in PDMS matrix and will be used to detect the corrosion 

rate. 
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In the last chapter the modified method of the DPPOST has also been demonstrated 

with the intent of improving the fabrication yield toward 100%. The modified approach 

requires a double coating of the Omnicoat™, which serves as the barrier material 

between the substrate, SU-8®, and the deposited polymer. In order to optimize the 

modified DPPOST, a test of oxygen plasma etching rate has been done to provide 

accurate etch rate of the Omnicoat™. The etching rate is 2.3996nm/min by using APE110 

asher, which is smaller than expected, but most likely is due to the asher equipment used. 

The RIE-based asher provides more efficient etching comparing with the APE110 asher. 

Thermal vapor priming to grow Omnicoat™ layer is also presented in the paper. The 

interesting result is the ability to coat nano-films at a very slow rate using this method 

(5.8 nm/hour). 

5.2 Future Work 

To achieve the development of the MEMS corrosion sensor, there are five main 

experimental research that must be done next. 

First, investigate oxide removal for other types of metal particles, such as aluminum, 

copper and steel. For the aluminum particle, we probably will use hydrofluoric acid to 

etch alumina due to the high etch rate of most acids on the native aluminum itself. For 

copper particle, acetic acid can be used to remove oxide without etching copper. 

Second, investigate the gas diffusion by different gases such as air, oxygen, and 

carbon dioxide. This is the most important investigation because it determines whether 

the corrosion sensor work in real experiment. 

Third, experimental measurements of sensor characteristics with different metal 

particles (Nickel, silver-coated aluminum, Aluminum, copper, iron, and stainless steel) in 
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Electrical Resistance (ER) and Electro-Chemical Noise (ECN) will be done to correlate 

the corrosion rate to changes of electrical resistivity of the composites. 

Fourth, the coupon of sensor element materials with different metal particles will be 

subjected to salt spray test in term of the ASTM Bl 17 standard, demonstrating the 

concept of metal particle polymer composite as a MEMS corrosion sensing element. The 

salt spray tests will be used to quantify corrosion sensor morphological, electrical, and 

dimensional characteristicsxz. 

Last, further work will also focus on the new pattern techniques, vapor priming and 

thermal vapor priming, in order to obtain smooth and evenly deposited layer of 

Omnicoat™. Systematic experiments are needed to test the relationship between 

deposited thicknesses and the mass flow rate of nitrogen for the first type of vapor 

priming; for the second, thermal vapor priming, the relationship between deposited 

thickness, the vapor priming time, temperature, and the standoff location needs to be 

known. These characterization efforts will be done in my future study. 
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