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ABSTRACT 

This thesis investigates two materials, SU8 photoresist and RuO2, for possible 

incorporation into a self-calibrating microfluidic biosensor.  The negative, epoxy based 

photoresist SU8 has been widely used in the fabrication of micro-electro-mechanical 

systems (MEMS) devices.  This is due to its many desirable features that make it a 

suitable material for a wide variety of MEMS applications.  The effects cross-linking 

(exposure dose) and bonding time have on bond strength and plasma modification of the 

SU8 surface were investigated as well as the bond strength of etched SU8.  It was shown 

that adhesive bonding was an effective method of bonding, with bond strengths of 1500 

psi possible.  Plasma etching of SU8 was shown to significantly modify the surface while 

having a detrimental effect on bond strength.  High oxygen plasma etching produced a 

hydrophilic SU8 surface, while CF4 etching produced a hydrophobic surface.  In both 

cases, the surface modification was shown to be temporary.  Another important aspect of 

the biosensor is the electrode material.  Ruthenium oxide (RuO2) was examined because 

it has been shown to have much potential for use as an electrode.  The resistivity, 

crystallinity and adhesion of reactively sputter deposited RuO2 thin films to SU8 as a 

function of oxygen in the sputtering gas was investigated.  It was found that both a 

change from Ru to RuO2 films and a transition in preferred crystal orientation of RuO2 in 

the films occurred as oxygen content in the film increased.  It was shown that resistivity 

of RuO2 is related to the amount of oxygen in the film.  Film stress was shown to have a 

large impact on adhesion to SU8 and for this reason films produced in a moderate oxygen 

environment are suggested for use as an electrode material. 
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1. INTRODUCTION 

1.1 MICROFLUIDIC DEVICE 

 Any device intended for long-term in vivo applications has to fulfill rigorous 

biocompatibility and biostability requirements.  It should not induce toxicity in the 

surrounding tissues, and should not damage the local tissue due to induced mechanical 

stresses.  The implant must tolerate long-term exposure to the physiological environment, 

as well as resist the impact of the surrounding tissue on its function.  Important 

characteristics of materials for biological applications include lack of toxicity, lack of 

immunogenicity (the tendency to induce an immune response), biodegradability (fast, 

slow, or absent), adhesiveness (or lack thereof) to bio-macromolecules and cells, and 

appropriate mechanical properties (modulus and strength) [1, 2].  Additional 

requirements for a material to be used as microfluidic structures are the ability to 

reproduce and maintain microstructure and the ability to form a pressure-tight seal with 

itself and other components [2].  

 This thesis investigates two materials, SU8 photoresist and RuO2, for possible 

incorporation into a self-calibrating microfluidic biosensor.  Figure 1 shows a schematic 

of the self-calibrating biosensor that is being developed.  Most biosensors drift and 

degrade over time, making calibration difficult.  A self-calibrating biosensor would allow 

for continuous monitoring with minimal intervention.  SU8 has been used to form 

microchannels, which are simple yet essential elements in microfluidic systems [3], while 

RuO2 is being considered as an electrode material.   
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Figure 1.1  Schematic of self-calibrating biosensor 

   

 

1.2 SU8 

The negative, epoxy based photoresist SU8, shown in Figure 2, has been widely 

used in the fabrication of micro-electro-mechanical systems (MEMS) devices.  This is 

due to its many desirable features that make it a suitable material for a wide variety of 

MEMS applications, including mechanical reliability, biocompatibility [4, 5], chemical 

resistance to electrolytes, patternability and low cost [4, 6-8].  In a study undertaken to 

investigate many types of photoresists, SU8 was found to be a suitable material to create 

three-dimensional structures such as a microfluidic device  [9].  Unlike many thick 

photoresists, SU8 is mechanically strong and optically transparent [10], which allows 



 3 

patterning of up to 2mm thick layers with high aspect ratios (up to 66:1) [11]and vertical 

side walls.  In addition, it does not exhibit the swelling that is prevalent in many negative 

photoresists.  Structures made completely of SU8 have good thermal and electrical 

isolation, which are desirable in the fabrication of microchannels [11].  SU8 has a few 

potential drawbacks, such as its high coefficient of thermal expansion (CTE, 52 ppm/K) 

that could cause stresses to substrates if the SU8 is used with materials with very 

different CTE values at high temperatures [12].  Also, cracks caused by tensile stress can 

form when processing SU8 [13].   

 

Figure 1.2  Basic SU8 model showing the eight epoxy groups 

 

 Resin, solvent and photoactive compound are the three main parts of SU8 but the 

properties are very sensitive to the processing conditions.  The first step, spin-coating, is 

critical, as thickness and topography of the material corresponds to the spin-coating 

process [9].  Most of the solvent, around 80 wt%, is removed from the resist layer during 
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a soft-baking step at moderate heat (65 – 90°C) after spin-coating [12, 14].  Since a fixed 

solvent content leads to good resolution and high aspect ratio [14], care must be taken to 

use the appropriate soft-baking conditions.  The resin is made photosensitive through the 

addition of an onium salt, which acts as a photo-acid generator.  When exposed to UV 

light, the onium salt decomposes and generates a strong acid.  This acid acts as a catalyst 

and initiates polymerization by ring-opening and subsequent cross-linking the epoxy 

groups [13].  The rate of cross-linking is related to the concentration of the acid catalyst.  

At low ultraviolet (UV) light dosage (<300 mJ/cm
2
), not all of the photo-acid generator 

can change to acid, causing the concentration of the catalyst to be low.  If the 

concentration of the acid is low, the cross-linking reaction will be kinetically slow. In 

addition, coatings exposed to higher UV dosages are more homogeneous than coatings 

exposed to low UV dosage [6, 12].  

 One aspect of SU8 processing in need of further investigation is its bonding 

capabilities.  Since SU8 cannot be fabricated to have overhanging parts and open 

channels are not useful for fluidic applications due to intolerance to pressure and fast 

evaporation of samples, bonding is necessary to form enclosed channels [10].  It has been 

demonstrated that three dimensional interconnected enclosed channels could be 

fabricated by bonding SU8 [15].  To create enclosed microchannels, an effective and 

reliable bonding technique is required [6].   

 Bonding of SU8 is adhesive in nature where the polymer itself is used as the 

bonding layer. The epoxy produces very high bonding strength without requiring high 

pressures or temperatures during bonding [9].  Bonding strengths of SU8 to SU8 between 

1100-1900 psi have been reported[16].  Adhesive bonding has several advantages: 1) the 
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bonding temperature can be relatively low (below 100°C); 2) many kinds of materials can 

be joined, such as polyimides, epoxies, thermoplast adhesives and photoresists; 3) the 

adhesive tolerates particles and structures on the wafer surface with diameters smaller 

than the polymer thickness; 4) high bonding strengths along the order of 1000 psi can be 

achieved at a low cost.  Potential limitations include temperature stability and long-term 

material stability.  Degradation of material properties can be caused by moisture uptake, 

temperature changes, and mechanical and chemical impacts [10, 17, 18]. 

Previous studies have shown that bonding temperature and bonding pressure are 

important parameters in having a good bond while maintaining clear fluidic channels 

[17].   If the bonding temperature is too low, SU8 will not be soft enough to make contact 

with the entire bonding area.  If the bonding temperature is too high, significantly higher 

than the glass transition temperature of 50-55°C, SU8 will flow into and block the 

microchannels[3].  However, at higher bonding temperatures and forces, the bonding 

strength becomes nearly constant [16].  The optimum bonding temperature has been 

previously reported to be between 45 and 50°C [17].  Bonding pressure is an important 

parameter because if it is too low, cavities between substrates are not sealed, creating 

voids; if it is too high, the microstructure could be destroyed while bonding [9].   

 Processing conditions can significantly impact bond strength.  Spin coating 

related problems, such and bubbles and thickness irregularities, cause problems in 

bonding, especially in the case of edge beads [6, 11].  UV exposure and post-exposure 

bake (PEB) conditions control the amount of cross-linking.  Control of cross-linking is 

needed for good adhesive and mechanical properties of the bond layer. The last cross-
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linking step needs to be done during bonding.  This means that the polymer layer has not 

been fully cross-linked before bonding [6].   

 There are advantages to bonding both exposed and unexposed SU8.  Exposed 

SU8 has low bond strength, but there is very little likelihood of collapse since the epoxy 

is cross-linked [19].  Unexposed SU8 has higher bond strength; however, it can flow into 

and block microchannels during bonding.  Studies have shown that SU8 can be partially 

pre-baked and bonded with another wafer by applying pressure and heat [17].  Using a 

partially baked, partially exposed SU8 layer could provide the best solution as it has 

some mechanical strength but is not fully cured.   

 The surface chemical structure of SU8 after exposure consists of aromatic rings 

and methyl functional groups, which results in a large water contact angle.  This can 

create difficulty with fluid injection into microchannels [20].  If the surface of the 

channel is hydrophilic, the capillary pressure can be used as the only means to direct the 

liquid through the channels and the need for external pumps can be avoided [8].  Previous 

work has used cericammoniumnitrate (CAN) to make the SU8 surface hydrophilic.  

However, CAN is corrosive and hazardous for humans [8]. 

 A safer technique to modify the SU8 surface is oxygen plasma etching.  It is well 

known that oxygen plasma etching can remove most solidified photoresists and that the 

removal rates can be enhanced when fluorinated gases are added to the oxygen plasma.  

Even a small percentage of fluorinated gas can increase the etching rate for many resists 

because atomistic fluorine reactions produce reactive sites on the polymer backbone and 

small amounts of fluorine increase the concentration of atomic oxygen in the plasma [4].  
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Using fluorine etch gases limits the materials that can be used as a mask; however, some 

metals, such as gold and aluminum, have had good results [21].  

Studies show that contact angles on SU8 surfaces decrease with increasing O2 

plasma time [22].  It has been reported that the hydrophobic surface has been modified to 

hydrophilic within 10 seconds of plasma time [22].  A longer plasma exposure time also 

leads to better surface uniformity, increased surface energy, and decreased contact angles 

[22].   Increased plasma intensity also causes greater surface roughness, which leads to 

greater wetting capabilities.  The plasma exposure affects the surface chemistry, 

increasing the oxygen levels while decreasing the carbon levels, resulting in an activated 

surface [23]. 

The first paper investigates the effects cross-linking (exposure dose) and bonding 

time have on bond strength and plasma modification of the SU8 surface.  In addition, the 

bond strength of etched SU8 is tested since it is important for incorporation in a 

microfluidic device.   

 

1.3 RuO2 

Ruthenium oxide (RuO2) is a material that has been shown to serve as an 

excellent electrode material [24].  This is because of its low resistivity, high thermal 

stability, good corrosion resistance and diffusion barrier properties [24-31].  In addition, 

ruthenium metal oxidizes very slowly, but once formed, RuO2 is one of the most 

chemically stable oxides [27, 30].  Single crystalline RuO2 shows metallic behavior in 

electrical and optical properties [30]. 
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RuO2 belongs to the class of transition metal oxides that crystallize in the 

tetragonal rutile structure, a body-centered tetragonal structure, shown in Figure 3, with a 

ruthenium atom in each of two sublattices [28, 32].  RuO2 thin films often exhibit 

preferred crystal orientation that is dependent on processing conditions [25].   

 

Figure 1.3  Tetragonal rutile structure 

 

It is well known that the electrical, optical and microstructural properties of 

materials in thin film forms depend on the deposition techniques and deposition 

conditions [30, 33, 34].  Thin films of RuO2 have been prepared using many methods, 

including reactive sputtering [27] and chemical vapor deposition (CVD) [27, 34].  Films 

were prepared using DC sputtering in this investigation because of available equipment 

and good results from other groups using this method.  The microstructure and electrical 

properties of RuO2 thin films can be controlled by varying sputtering conditions [35].   
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Oxygen concentration is an important parameter, controlling film resistivity [27] 

and preferred crystalline orientations [26].  As-deposited RuO2 films remain 

stoichiometric as determined by both Rutherford backscattering (RBS) and x-ray 

diffraction (XRD) when the oxygen content is varied from 25-100%, confirming RuO2 as 

the only stable oxide of Ru formed.  Increased oxygen partial pressure causes an increase 

of oxygen content in the film until saturation is reached [33, 35].  Increasing the oxygen 

partial pressure also increased the grain size of the RuO2 film [33].  The stresses and 

microstructure, however, vary considerably with the amount of oxygen in the sputtering 

environment [36].  Oxygen concentration in the sputtering gas effects the surface 

morphology, crystallinity and chemical binding state of oxygen atoms in the films [31].   

Deposition rates depend on processing parameters; however, it has been reported 

that a change in deposition rate occurs as the oxygen partial pressure increases.  The 

variation of the deposition rate is thought to be caused by the difference in reaction 

processes.  In the high deposition rate region, when lower oxygen partial pressures still 

form RuO2, the Ru target is in a metallic state.  Ru atoms sputtered from the metal target 

react with oxygen at the substrate surface and RuO2 films are deposited (metallic target 

mode).  A high deposition rate causes the films to not crystallize completely, and some 

oxygen atoms might not be bonded with Ru atoms.  Consequently, these films have 

higher electrical resistivities.  In the low deposition rate region, the high oxygen partial 

pressure region, a Ru-oxide layer is formed at the target surface and RuO2 films are 

deposited by the sputtering of Ru oxide (oxide target mode) [37].  At the lowest oxygen 

partial pressures, Ru films are produced [37].  At a constant total gas flow rate, a critical 

O2 flow rate exists, which defines the minimum O2 flow ratio for depositing RuO2 films 
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[37].  Approximately twice as many oxygen molecules as sputtered Ru atoms must be 

introduced into the sputtering chamber in order to form RuO2 films [37]; however, the 

oxygen content in the RuO2 films is not sensitive the oxygen concentration in the Ar/O2 

sputtering gas [31] and RuO2 films have been shown to remain stoichiometric by using 

25-100% of oxygen in the Ar/O2 sputtering gas [31, 36].   

Film stress and surface properties have been investigated by many sources.  As-

deposited films have been found to be under a state of compressive stress for all 

deposition conditions [28].  It has also been shown that deposition under low oxygen 

contents can result in a higher amount of oxygen vacancies being produced in the films 

[28].  Annealing at low temperatures has been shown to make the film stress less 

compressive due to the movement of these vacancies [28].  In films deposited under very 

high oxygen content conditions (e.g. 100% O2), the film stress has been shown not to 

remain compressive possibly because of reduced vacancies being present in the as-

deposited films [28].  According to one study, the surface of films produced under lower 

oxygen partial pressure are slightly smoother than the surface of films produced at higher 

partial pressures [29].  With larger oxygen concentrations the surfaces exhibited clear 

granules with sharp angles [31].  

Film resistivity has been shown to be dependent on deposition parameters such as 

substrate temperature, sputtering power, oxygen content, thickness of the films and 

annealing conditions [27, 28].  There appears to be an oxygen flow ratio where the films 

change from Ru to RuO2 that is system and parameter dependent.  Corresponding to this 

change, the film resistivity increases from around 20 µΩ-cm for the Ru films to much 

higher for the RuO2 films [37].  The higher resistivity of as-deposited films is considered 
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as an indication of RuO2 formation; incomplete oxidation of Ru results in much lower 

resistivity [35].  Resistivity values for RuO2 vary widely from sources to source, from 40 

to nearly 1000 µΩ-cm.  The increase of resistivity along with the oxygen content suggests 

that the resistivity is largely affected by the amount of excess oxygen incorporated in the 

film [35].    Different electrical transport mechanisms have been identified for RuO2 

when in contact with various materials.  In the case of high and low RuO2 contects, 

metallic or ionic transport prevails.  For intermediate concentrations, tunneling transport 

has been seen, mainly because of the densely packed microstructure [38].   

The stresses in the as-deposited films in almost all cases were found to be 

compressive.  The magnitude of both the as-deposited stress and resistivity were found to 

be strongly correlated to the microstructure of the films [28].  In most cases, annealing 

was found to result in an increase in the tensile stresses.  This reduction in compressive 

stress has been attributed to grain growth at high temperatures.  Associated with this 

grain growth was also a reduction in the resistivity of the films [28].  There is a distinct 

increase in grain size with increasing deposition temperature.  The resistivity behavior 

with substrate temperature can be explained on the basis of the grain boundary scattering 

model [28].  If the predominant mechanism governing the resistivity is grain boundary 

scattering, then a larger grain size observed at higher deposition temperatures should 

provide a lower resistivity [25, 28]. 

For low oxygen partial pressures, the RuO2 films exhibited a preferred orientation 

with RuO2 (110) planes parallel to the Si substrate surface.  When the RuO2 film was 

deposited with higher oxygen concentration, the RuO2 (110) peak became very weak or 

invisible and the preferred orientation changed to the RuO2 (101) planes.  Several other 
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sources reported similar results of changing preferred orientations from (110) planes to 

(101) planes with increasing oxygen concentration during RuO2 sputtering [26, 34, 35, 

37].  Huang et al believe that RuO2 films sputtered with low oxygen content are not well 

crystallized, although the atoms may form a short-range periodic arrangement of RuO2 

(110) planes.  As for the RuO2 films sputtered with higher oxygen partial pressures, the 

films are all properly crystallized in the form of a rutile structure.  The difference in 

crystallinity should be a key factor for the different resistivity values of the RuO2 films 

sputtered with various oxygen concentrations [31].  It has been shown that (110) RuO2, 

which is the preferential orientation in bulk RuO2, is grown in the films with near 

stoichiometric oxygen composition, while preferential (101) grain growth occurs in the 

film with oxygen concentration near saturation [35].  

The resistivity values vary widely from source to source, dependent on sputtering 

system and parameters.  The purpose of the second paper is to determine the resistivity 

and crystallinity of as-deposited RuO2 thin films reactively sputtered at 200W in an 

Ar/O2 plasma without external substrate heating.  In addition, the adhesion of RuO2 thin 

films to the cured photoresist SU-8 is examined for potential use in a microfluidic device. 
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Abstract. The negative, epoxy based photoresist SU8 has been widely used in the 

fabrication of micro-electro-mechanical systems (MEMS) devices in the past few 

years.  This is due to its many desirable features that make it a suitable material 

for a wide variety of MEMS applications, including mechanical reliability, 

biocompatibility, chemical resistance to electrolytes, patternability and its low 

cost.  This study investigates the effects cross-linking (exposure dose) and 

bonding time have on bond strength and plasma modification of the SU8 surface.  

Adhesive bonding of partially exposed SU8 to fully exposed SU8 was shown to 

be an effective method of bonding, with strengths over 1500 psi possible.  The 

data indicate that exposure dose was a more significant parameter than exposure 

time on the bond strength of SU8 films.  Exposure of SU8 to CF4/O2 plasmas was 

also studied.  A range of oxygen concentration between 5% and 100% was tested, 

with high oxygen plasmas creating the most hydrophilic surface when tested with 

water.  The stability of the etched surface was examined through wetting tests 

over a period of more than one month.  For both hydrophobic and hydrophilic 

samples, the samples with the highest amount of fluorine in the plasma were the 

most stable over time.  Based on the results, microfluidic channels with high bond 

strengths and hydrophilic surfaces can be realized if the proper processing 

parameters are selected. 
 

 

1. Introduction  

The negative, epoxy based photoresist SU8 has been widely used in the 

fabrication of micro-electro-mechanical systems (MEMS) devices in the past few years.  

This is due to its many desirable features that make it a suitable material for a wide 

variety of MEMS applications, including mechanical reliability, biocompatibility [1, 2], 

chemical resistance to electrolytes, patternability and low cost [1, 3-5].   
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 One aspect of SU8 processing in need of further investigation is its bonding 

capabilities.  Since SU8 cannot be fabricated to have overhanging parts and open 

channels are not useful for fluidic applications due to intolerance to pressure and fast 

evaporation of samples, bonding is necessary to form enclosed channels [6].  It has been 

demonstrated that three dimensional interconnected enclosed channels could be 

fabricated by bonding SU8 [7].  To create enclosed microchannels, an effective and 

reliable bonding technique is required [3].   

 Processing conditions can significantly impact bond strength.  Spin coating 

related problems, such and bubbles and thickness irregularities, cause problems in 

bonding, especially in the case of edge beads [3, 8].  Ultraviolet (UV) exposure and post-

exposure bake (PEB) conditions control the amount of cross-linking.  Control of cross-

linking is needed for good adhesive and mechanical properties of the bond layer. The last 

cross-linking step needs to be done during bonding so that the polymer layer has not been 

fully cross-linked before bonding [3].   

 There are advantages to bonding both exposed and unexposed SU8.  Exposed 

SU8 has low bond strength, but there is very little likelihood of collapse since the epoxy 

is cross-linked [9].  Unexposed SU8 has higher bond strength; however, it can flow into 

and block microchannels during bonding.  Studies have shown that SU8 can be partially 

pre-baked and bonded with another wafer by applying pressure and heat [10].  Using a 

partially baked, partially exposed SU8 layer could provide the best solution as it has 

some mechanical strength but is not fully cured.   

 The surface chemical structure of SU8 after exposure consists of aromatic rings 

and methyl functional groups, which results in a large water contact angle.  This can 
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create difficulty with fluid injection into microchannels [11].  If the surface of the 

channel is hydrophilic, the capillary pressure can be used as the only means to direct the 

liquid through the channels and the need for external pumps can be avoided [5].  Previous 

work has used cericammoniumnitrate (CAN) to make the SU8 surface hydrophilic.  

However, CAN is corrosive and hazardous for humans [5].   

 A safer technique to modify the SU8 surface is oxygen plasma etching.  It is well 

known that oxygen plasma etching can remove most solidified photoresists and that the 

removal rates can be enhanced when fluorinated gases are added to the oxygen plasma.  

Even a small percentage of fluorinated gas can increase the etching rate for many resists 

because atomistic fluorine reactions produce reactive sites on the polymer backbone and 

small amounts of fluorine increase the concentration of atomic oxygen in the plasma [1].  

Using fluorine etch gases limits the materials that can be used as a mask; however, some 

metals, such as gold and aluminum, have had good results [12].  

This study investigates the effects cross-linking (exposure dose) and bonding time 

have on bond strength and plasma modification of the SU8 surface.  In addition, the bond 

strength of etched SU8 is tested since is important for incorporation in a microfluidic 

device.   

  

2. Experimental Procedure 

 

2.1 Fabrication of SU8 coated wafers 

 Silicon wafers (100 mm diameter) were cleaned by three minute immersion in 

acetone, methanol and de-ionized (DI) water, with air drying between each step.  The 
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wafer was then spin dried and placed on a hotplate at 200°C for 5 minutes to dehydrate 

the wafer and improve the adhesion of SU8 films.  Approximately 4 ml of SU8-2050 

(Microchem Corporation) were deposited on the Si wafers and spun using a CEE Model 

100 spin coater to attain the desired thickness as follows: 

50 µm coating 

• 500 rpm, 100 rpm/sec, 15 seconds 

• 3000 rpm, 300 rpm/sec, 38 seconds 

125 µm coating 

• 500 rpm, 100 rpm/sec, 15 seconds 

• 1600 rpm, 300 rpm/sec, 30 seconds 

The first spin parameters given are to spread the SU8 across the Si wafers.  The spin 

speed is then ramped up at 300 rpm/sec to the second spin speed, which controls the 

thickness of the coating.  Pre-exposure baking was done at 65°C for 3 minutes and then 

95°C for 20 minutes.  The UV exposure was done using a Suss MA-BA 6 aligner.  

Exposure dose and post-exposure baking varied depending on if a fully cured or partially 

cured wafer was needed.  A mask was placed on the wafers to photo-pattern those that 

were to be fully exposed.  Depending on the intended use, the pattern was either small (1-

2cm) squares or circles.  The exposure dose for fully exposed SU8 was 300 mJ/cm
2
.  The 

exposure doses used for partially exposed SU8 varied (70-95 mJ/cm
2
).  Partially exposed 

wafers were not photo-patterned.  After exposure, a post exposure bake was done for 

fully exposed wafers at 65°C for 5 minutes followed by 95°C for 10 minutes while 

partially exposed wafers were processed for 7 minutes at 50°C.  After the post exposure 

bake, the wafer was gradually cooled to room temperature.  The fully exposed wafers 
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were then developed for 6 minutes to remove unexposed material, rinsed with DI water, 

spin dried and baked at 200°C for 1 hour to remove any moisture. 

 

2.2 Bonding Experiment 

To test the bonding strength, 1 cm x 1 cm samples of 125 µm thick fully cured 

SU8 were bonded to larger samples of partially cured 50 µm thick SU8 (Figure 1).  The 

exposure doses used for partially exposed SU8 were 70, 75, 80, 85 and 90 mJ/cm
2
. Both 

the fully exposed and partially exposed wafers were scribed and broken into the test 

pieces.  Samples from each exposure dose were bonded with fully cured samples for 30, 

40, and 45 minutes using a Dynatex heat bonder at 25mTorr pressure.  After bonding, 

epoxy coated pull studs were attached to the back of one of the samples and baked for 1 

hour at 150°C.  The samples were then allowed to cool for several hours to set the epoxy.  

The bond strength was tested using a Romulus tensile tester at a pull rate of 10 lb/s. 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic drawing of bond test sample 
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2.3 Contact Angles 

 Fully cured, 125 µm thick, circular samples were made to test the contact angles 

of etched SU8.  A Plasma Etch PE-200 reactive ion etcher was used to etch all the 

samples with a CF4/O2 plasma (280W, 250 mTorr).  A D-Optimal experiment was 

designed to test both etching time and percent oxygen.  Five time levels were tested: 1, 

30, 60, 90 and 120 seconds.  Four oxygen plasma concentrations were tested: 5%, 30%, 

70% and 100% oxygen, with the balance CF4.  A goniometer was used to measure the 

contact angle for water for each sample.  Samples from the three longest etch times for 

each oxygen content were then tested once a day for over a month to determine the 

stability of the plasma exposed surface.   A Kratos Axis 165 Photoelectron Spectrometer 

with Mg Kα radiation was used for x-ray spectroscopy analysis of both newly etched 

samples and 90 day old etched samples.   

  

2.4 Bonding Etched Samples 

 The bond strength of plasma etched SU8 was tested by first preparing fully 

exposed 125 µm thick, 1cm x 1 cm sample pieces.  Both high (100%) and low (5%) 

oxygen content plasmas were used and etched for 1, 30 and 60 seconds.  Then, based on 

the results from the first bonding experiment, 50 µm thick, partially exposed samples 

were prepared with an exposure dose of 80 mJ/cm
2
.  The samples were then bonded in 

the same manner as previously described for 30 minutes. 
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3. Results and Discussion 

 

3.1 Bonding Experiment 

Two parameters were tested relating to bond strength: exposure dose and bond 

time.  The average results from 5 samples are shown in Table 1.   

Table 1.  Average bond strength (psi) 

   

Exposure 

(mJ/cm
2
   

Bond 

Time 70 75 80 85 90 

30 min 870 ± 320 950 ± 210 1374 ± 250 1114 ± 285 1225 ± 178 

40 min 347 ± 72 1030 ± 212 1030 ± 300 1216 ± 337 720 ± 500 

45 min 283 ± 220 1220 ± 166 1210 ± 250 762 ± 154 816 ± 355 

 

Based on the data, the exposure dose has more of an effect than time, with the 

best results corresponding with an 80 mJ exposure.  The lower exposure samples (70 

mJ/cm
2
) had the lowest average bond values of 300 to 800 psi while the high exposure 

samples (85, 90 mJ/cm
2
) had bond strengths between 700 and 1200 psi on average.  It is 

interesting to note that the longest bond time did not yield the highest bond strengths, 

except in the case of 75 mJ/cm
2
.  In the case of both 70 and 90 mJ/cm

2
 the strongest bond 

strengths were produced with the shortest bond times, with the bond strengths for the 

longer bond times being much lower.   

Statistical analysis of the data was performed using Design Ease software.  

ANOVA shows that the model is valid with no significant lack of fit.  The most 

significant term in this study was found to be exposure dose.  Figure 2 shows a graph of 
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the statistical results.  From the graph, it is apparent that in general, the middle exposure 

doses produced the best results, with the peak being around 80 mJ/cm
2
. 

 

Figure 2. Statistical graph of bonding results showing the bond strength was more 

affected by exposure dose than bond time. 

 

 The fact that the significant factor in the bond test was the exposure dose is in 

agreement with the SU8 being a chemical bond instead of a mechanical bond.  Studies 

done previously but not reported here show that the results were poor (<500 psi) when 

trying to bond outside of the range of exposure doses tested in this experiment.  The 

reason the lower exposure doses do not bond well is most likely because there is not 
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enough initial cross-linking in the partially exposed film to bond with the fully exposed 

film.  In the higher exposure doses, the bond strengths are not as high because there is too 

much cross-linking and the surface does not interact with the fully exposed substrate.  

The slight variations in bond strength with the different bonding times for 75-85 mJ/cm
2
 

are not significant and could be explained by slightly uneven topography of the film. 

 

3.2 Contact Angle 

 

3.2.1 Short Term Results  

The oxygen content in the plasma had a significant impact on water contact 

angles.  As shown in Table 2 and Figure 3, higher oxygen content led to low contact 

angle (hydrophilic) samples, where lower oxygen content led to high contact angle 

(hydrophobic) samples.  Unetched SU8 has a contact angle of 73.8 ± 2.8 degrees.   

Table 2.  Contact Angle Results 

  Etch Time 

% 

Oxygen 1 30 60 90 120 

5 71.9 ± 15.9 93.6 ± 34.0 109.7 ± 8.3 

101.0 ± 

14.0 100.0 ± 2.5 

30 72.8 ± 5.8 93.4 ± 5.6 99.8 ± 5.3 92.6 ± 3.9 91.7 ± 4.2 

70 70.2 ± 7.5 26.0 ± 11.8 10.0 ± 2.8 14.4 ± 11.7 14.6 ± 13.7 

100 67.2 ± 19.2 5.2 ± 1.9 5.1 ± 2.3 6.6 ± 1.8 5.1 ± 1.5 

 

ANOVA results show that percent oxygen was a significant variable, whereas 

etch time was not.  From the contour graph, it can be seen that a minimum etch time of 

around 20 seconds is needed to significantly change the SU8 surface.   
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Figure 3 Contour graph of contact angle results.  The red dots represent actual 

data points.  The more red the color, the more hydrophobic the sample. 

 

An explanation for high oxygen plasmas making the surface hydrophilic is that 

the etching most likely opens up the epoxy groups, which then can react with oxygen in 

the environment, forming hydrophilic –OH groups on the surface.  With less oxygen in 

the environment, not as many –OH bonds will form, leading to a less hydrophilic surface.  

This is supported through analysis of XPS O 1s photoelectron spectra data as seen in 

Figure 4.  From the binding energy the type of bond can be determined.  In the top curve 

both oxygen peaks in the XPS data indicate that -OH groups formed on the SU8 surface.  
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However, after 90 days had passed, the bonds changed to more hydrophobic C=O bonds, 

seen in the bottom curve.  The statistical analysis showed a significant lack-of-fit; 

however, with more data samples this would most likely change.  To show the validity of 

the model, an optimization experiment was performed.  The samples had the predicted 

contact angles based on oxygen content and etch time, which implies that the model is 

accurate. 
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Figure 4.  O 1s XPS spectra for SU8 surfaces from Day 1 and Day 90 after 70% 

oxygen/30% CF4 plasma exposure of 30 minutes. 

 

 

3.2.2 Long Term Results 

For over one month samples from the three longest etch times for each oxygen 

plasma etch concentration were tested for contact angle each day.  The results showed 
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that, again, etch time did not have a large impact on contact angle, since all three times 

resulted in similar contact angles over the test period for the varying oxygen contents in 

the plasma.  The average wetting angles for the different oxygen contents are shown in 

Figure 5.   
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Figure 5. Time delay results for wetting angles 

 

For both hydrophobic and hydrophilic samples, the samples with more fluorine 

than oxygen in the plasma were more stable over time, with the 5% oxygen content 

sample being the most stable and hydrophobic surface and with 100% oxygen content 

sample being the most unstable surface.  From the graph, it seems as though the samples 

had a final contact angle between 60-80 degrees.  It is possible that the repeated testing 
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led to a faster change in wetting angle, due to contamination of the outermost polymeric 

surface.   

 

3.3 Bonding Etched Samples 

The bond strength for etched SU8 samples is presented in Table 3.  Both high and 

low oxygen plasma etched samples were tested.  In general, exposure to CF4/O2 plasma 

significantly decreased the bond strength of the samples.  The results were not very 

consistent, and the only sample that had bond strength comparable to un-etched SU8 was 

5% oxygen for 1 second.  It is not likely that plasmas with medium oxygen values would 

produce samples with better bonding capabilities as the contact angles were within the 

range tested.  Based on these results, bonding etched SU8 does not appear to be a viable 

option.  If etching is necessary, masking of the areas that need to be bonded would be 

needed. 

Table 3.  Average of 4 samples’ bond strength after etching (psi) 

 Etch Time (sec) 

% Oxygen 1 30 60 

5 1010 ± 104 425 ± 163 0 ± 0 

95 842 ± 367 763 ± 185 307 ± 62 

 

 

4. Conclusion 

 The effect of UV exposure time and dosage, bonding time and plasma exposure 

on the adhesion and wafer contact angle of SU8 photoresist was investigated.  Adhesive 
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bonding of partially exposed SU8 to fully exposed SU8 was shown to be an effective 

method of bonding, with strengths over 1200 psi possible.  The data indicate that 

exposure dose was a more significant parameter than bonding time on the bond strength 

of SU8 films.  Exposure of SU8 to CF4/O2 plasmas was also studied.  A range of oxygen 

concentration between 5% and 100% was tested, with high oxygen plasmas creating the 

most hydrophilic surface when tested with water.  The most likely reason high oxygen 

plasmas make the surface hydrophilic is that the etching would open the epoxy groups, 

which then can react with O2 in the environment forming hydrophilic –OH groups on the 

surface.  With less oxygen in the environment, fewer –OH will form, leading to a less 

hydrophilic surface.  The stability of the etched surface was examined through wetting 

tests over a period of more than one month.  For both hydrophobic and hydrophilic 

samples, the samples with the highest amount of fluorine in the plasma were the most 

stable over time.  The samples had a final contact angle between 60-80 deg, similar to un-

etched SU8 values.  Based on the results, microfluidic channels with high bond strengths 

and hydrophilic surfaces can be realized if the proper processing parameters are selected. 
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Abstract 

The resistivity and crystallinity of reactively sputter deposited RuO2 thin films 

sputtered as a function of oxygen in the sputtering gas was investigated as well as the 

adhesion of RuO2 thin films to cured SU8 photoresist.  It was found that a change from 

Ru to RuO2 films occurs between 20% and 30% oxygen in the plasma and a transition in 

the preferred crystal orientation in the films occurred between 80% and 90% oxygen.  

The change from Ru to RuO2 occurring between 20 and 30% oxygen is further supported 

by AES results, which indicated a mixture of Ru and RuOx in the 20% oxygen film.  The 

resistivity values for films deposited with 30% to 60% oxygen were between 150-200 

µΩ-cm.  Adhesion was lower in films made with 60% oxygen and it is suggested that the 

best films for electrodes would be made in 40-50% oxygen environments where the 

adhesion values were above 1000 psi.  Due to high film stress, films made with over 70% 

oxygen in the sputtering gas delaminated from the substrate.   

Keywords: RF Sputtering, resistivity, ruthenium oxide 
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1. Introduction 

Ruthenium oxide (RuO2) has been investigated as an electrode material in many 

applications, such as in very large scale integrated circuits and ferroelectric thin films, 

because of its low resistivity, high thermal stability, good corrosion resistance and 

diffusion barrier properties [1-8].  In addition, ruthenium metal oxidizes very slowly, but 

once formed, RuO2 is one of the most chemically stable oxides [3, 7].  Single crystalline 

RuO2 shows metallic behavior in electrical and optical properties [7]. 

 

It is well known that the electrical, optical and microstructural properties of 

materials in thin film forms depend on the deposition techniques and deposition 

conditions [7, 9, 10].  Thin films of RuO2 have been prepared using many methods, 

including reactive sputtering [3] and chemical vapor deposition (CVD) [3, 10].  The 

microstructure and electrical properties of RuO2 thin films can be controlled by varying 

sputtering conditions [11].   

 

Oxygen concentration in the plasma during sputtering is an important processing 

parameter as it influences film resistivity [3] and crystal orientation.  The stresses and 

microstructure, however, vary considerably with the amount of oxygen in the sputtering 

environment [12].  Oxygen concentration in the sputtering gas does not affect the oxygen 

content in the film as much as changes the surface morphology, crystallinity and 

chemical binding state of oxygen atoms in the films [8].  
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Film resistivity has been shown to be dependent on deposition parameters such as 

substrate temperature, sputtering power, oxygen content, thickness of the films and 

annealing conditions [3, 4].  There appears to be an oxygen flow ratio where the films 

change from Ru to RuO2 that is both deposition system and parameter dependent.  

Corresponding to this change, the film resistivity increases from around 20 µΩ-cm for 

metallic Ru films to much higher values for RuO2 films [13].  The high resistivity of as-

deposited films is an indication of RuO2 formation; incomplete oxidation of Ru results in 

much lower resistivity [11].  Resistivity values for RuO2 vary widely from sources to 

source.  The increase of resistivity along with the oxygen content suggests that the 

resistivity is largely affected by the amount of excess oxygen incorporated in the film 

[11].  Table 1 shows representative sputtering conditions and the lowest resistivity values 

found for RuO2 films in the literature and it is seen that there is a large divergence 

between the deposition parameters reported by different groups.   

 

The amount of oxygen in the sputtering gas also influences the crystallography of 

the deposited films.  Several sources reported results of changing preferred orientations 

from (110) planes to (101) planes with increasing oxygen concentration during RuO2 

sputtering [2, 10, 11, 13].  Huang et al believe that RuO2 films sputtered with low oxygen 

content are not well crystallized although the atoms may form a short-range periodic 

arrangement of RuO2 (110) planes.  For RuO2 films sputtered with higher oxygen partial 

pressures, the films are all properly crystallized in the form of a rutile structure.  The 

difference in crystallinity has been reported to be a key factor for the different resistivity 

values of the RuO2 films sputtered with various oxygen concentrations [8].   
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The purpose of this work was to determine the resistivity and crystallinity of DC 

reactively sputtered RuO2 as a function of oxygen concentration in the sputtering gas.  In 

addition, the adhesion of RuO2 thin films to the cured photoresist SU8 was examined for 

potential use as an electrode material in a microfluidic device. 

 

2.  Experimental Procedure 

 RuO2 films were deposited using a DC sputtering system and a ruthenium metal 

target in an oxygen and argon plasma.  The substrates were silicon (Si) wafers and fully 

exposed photoresist SU8.  The vacuum chamber was pumped down to a pressure of less 

than 4 x 10
-6

 mTorr prior to deposition.  The target was presputtered (200 W DC power) 

with a shutter covering the substrate in an argon atmosphere for approximately 10 

minutes to remove any surface oxide layer formed.  The oxygen and argon gas mixture 

was then set for a total pressure of 5 mTorr and the gases were allowed to equilibrate 

prior to sputtering.  Typical flow rates were around 25 sccm.  Oxygen partial pressure 

was varied from 0 to 100 percent in 10 percent increments.  The DC power during film 

deposition was 200 W and the deposition time was 10 minutes.  Substrates were not 

heated during deposition. 

 

After sputtering, film thickness was measured using an alpha step profilometer.  

Film resistivity was calculated using a four point probe.  Film adhesion to SU8 was 

testing by attaching epoxy coated pull studs to the film, which were then baked for 1 hour 

at 150°C.  The samples were then allowed to cool for several hours to set the epoxy.  The 

film adhesion was tested using a Romulus tensile tester at a pull rate of 10 lb/s.  A 



 35 

physical electronics model 545 AES Spectrometer was used for Auger analysis with a 

beam voltage of 3 kV and an emission current of 1 mA.  X-ray Diffraction (XRD) was 

performed using a Philips X-Pert diffractometer with copper Kα radiation. 

 

3.  Results and Discussion 

3.1 Crystallography 

Results from X-Ray Diffraction (XRD) show that with the parameters used, the 

transition from Ru to RuO2 films occurred around 20% oxygen and was completed by 

30% oxygen in the sputtering gas.  The diffraction patterns for pure Ru, 20% and 30% 

RuO2 is shown in Figure 1.  The diffraction pattern for 10% oxygen (not shown) is the 

same as that for 0% oxygen, indicating a Ru film.  The diffraction pattern of a RuO2 film 

deposited with 50% oxygen is shown in Figure 2.  The diffraction patterns for 40% and 

60% oxygen (not shown) are the same as for the 50% oxygen.  All of the diffraction 

peaks are identified as pertaining to stoichiometric ruthenium dioxide, with a preferred 

(110) orientation observed.  In films deposited with oxygen partial pressures 70% and 

lower, the diffraction patterns are predominately (110) crystal structures.  As the amount 

of oxygen in the sputtering gas increased up to 90% the diffraction peaks became broad 

and weak, as shown in Figure 3, indicating a fine grained crystal structure, which has also 

been reported by Kim, et al and Abe et al [6, 13].  The (101) crystal plane first becomes 

apparent in 50% oxygen films.  Between 80% and 90% oxygen in the sputtering gas, the 

(101) crystal plane becomes dominant as seen when comparing Figures 3 and 4.   
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It was observed that in films deposited with greater than 70% oxygen the stress in 

the films was so high that delamination occurred after deposition.  Therefore, films 

deposited under those conditions are not viable for use as an electrode material.  For this 

reason, only the RuO2 films with oxygen content lower than 70% were examined for 

resistivity and film adhesion. 

 

3.2 Chemical Analysis 

The composition of RuO2 films deposited with 20% and 50% oxygen were 

examined using Auger Electron Spectroscopy (AES) to determine the atomic percent of 

both ruthenium and oxygen in the film.  All three films had RuO2 stoichiometry at the 

film surface, with approximately 30-40 atomic percent ruthenium and the balance 

oxygen.  For the 20% oxygen film, shown in Figure 5, as the film depth increases, the 

amount of Ru was greater than the amount of oxygen.  This indicates a film that is a mix 

of Ru and RuOx, which supports the XRD data showing a transition from pure Ru to 

RuO2 between 20% and 30% oxygen. 

 

As expected from the XRD data, the film sputtered at 50% oxygen, shown in 

Figure 6, remained stoichiometric RuO2 throughout the film.  The atomic percent for 

ruthenium and oxygen remain consistently around 38 at% and 62 at%, respectively, at a 

film depth of 4 nm and greater.  At the immediate film surface, there is more oxygen, but 

this was to be expected since the film was not kept in a vacuum prior to AES 

characterization. 
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3.3 Resistivity and Film Adhesion 

Figure 7 presents the electrical resistivity of RuO2 films with varying oxygen 

deposition percentages.  Ru has a resistivity value of 7-8 µΩ-cm, which is the range the 

resistivity values for the 0% and 10% oxygen films encompasses.  This indicates that 

both films are Ru and not an oxide.  The 20% and 30% oxygen films are composed of a 

mixture of Ru and RuOx, and have a higher resistivity of around 200 µΩ-cm.  As 

expected, given the similar XRD results, the resistivity values are very close for 40%, 

50% and 60% oxygen and at about 150 µΩ-cm.  As reported elsewhere, the resistivity 

decreased as percent oxygen increased.   

 

 Film adhesion results are shown in Table 2.  The adhesion of RuO2 to SU8 was 

comparable to that of SU8 to silicon, both of which being above 1000 psi.  The film 

deposited with 60% oxygen had the lowest film adhesion, around 700 psi, most likely due 

to an increase in stress in the film.  Overall, the films made with between 30 and 50 

percent oxygen gave the best results, with low resistance and high adhesion.  Additional 

effort to measure the electrochemical overpotential for RuO2 films as an electrode 

material is currently underway. 

  

4. Conclusion 

The resistivity and crystallinity of reactively sputter deposited RuO2 thin films 

sputtered as a function of oxygen in the sputtering gas was investigated.  In addition, the 

adhesion of RuO2 thin films to the cured photoresist SU8 was measured.  It was found 

that a change from Ru to RuO2 films occurs between 20 and 30 percent oxygen in the 
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plasma and a transition from (110) to (101) orientation in the films occurred between 

80% and 90% oxygen.  The change from Ru to RuO2 occurring between 20 and 30% 

oxygen was further supported by AES results, which indicated a mixture of Ru and RuOx 

in the 20% oxygen film.  The resistivity of films was a function of oxygen concentration 

in the sputtering gas.  For <10% O2 the resistivity was consistent with metallic Ru.  

Above 20% O2 the RuO2 resistivity was around 150-200 µΩ-cm.  Adhesion of the RuO2 

to SU8 was approximately 1000 psi for O2 contents of 30-50% but only around 700 psi 

for films deposited with 60% oxygen.  Due to high film stress, films made with over 70% 

oxygen in the sputtering gas delaminated from the substrate.  Collectively, the results 

indicated that 40-50% oxygen gave best results, with lower resistivity values and high 

adhesion to SU8. 
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Figure 1.  X-ray diffraction spectra of Ru deposited with 0%, 20% and 30% oxygen 
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Figure 2.  X-ray diffraction spectrum of RuO2 deposited with 50% oxygen 
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Figure 3.  X-ray diffraction spectrum of RuO2 deposited with 90% oxygen 
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Figure 4.  X-ray diffraction spectrum of RuO2 deposited with 80% oxygen 
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Figure 5.  Auger Electron Spectroscopy depth profile of RuO2 sputtered with 20% 

oxygen 
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Figure 6.  Auger Electron Spectroscopy depth profile of RuO2 sputtered with 50% 

oxygen 
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Figure 7.  Resistivity for films with various oxygen contents 
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Table 1.  Summary of deposition methods and resistivity of RuO2 thin films found in the 

literature 

 

Identifying RuO2 

with 

Lowest resistivity 

(µΩcm) 

% O2 Deposition Parameters Ref. 

XRD, RBS 40 50 500C [12] 

RBS 150 50 200 W, RT [11] 

XRD, RBS 150 50 100W, RT  [14] 

XRD 42 20 50W, 500C [13] 

XRD 310 33-65 100W, RT [8] 
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Table 2.  Film adhesion results 

 

Percent Oxygen Film Adhesion (psi) 

30 1098 ± 145 

40 1310 ± 257 

50 1371 ± 197 

60 730 ± 113 
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2. CONCLUSIONS 

 Two materials were investigated for potential use in a self-calibrating biosensor.  

The first material, SU8, was examined for use in formation of microchannels.  Adhesive 

bonding of partially exposed SU8 to fully exposed SU8 was shown to be an effective 

method of bonding, with strengths over 1200 psi possible.  The data indicate that 

exposure dose was a more significant parameter than bonding time on the bond strength 

of SU8 films.  Exposure of SU8 to CF4/O2 plasmas was also studied.  High oxygen 

plasmas created the most hydrophilic surface when tested with water.  The most likely 

reason high oxygen plasmas make the surface hydrophilic is that the etching would open 

the epoxy groups, which then can react with O2 in the environment forming hydrophilic –

OH groups on the surface.  With less oxygen in the environment, fewer –OH will form, 

leading to a less hydrophilic surface.  The stability of the etched surface was examined 

through wetting tests over a period of more than one month.  For both hydrophobic and 

hydrophilic samples, the samples with the highest amount of fluorine in the plasma were 

the most stable over time.  Based on the results, microfluidic channels with high bond 

strengths and hydrophilic surfaces can be realized if the proper processing parameters are 

selected. 

The second material, RuO2, was investigated as a potential electrode material.  It 

was found that a change from Ru to RuO2 films occurs between 20 and 30 percent 

oxygen in the plasma and a transition from (110) to (101) orientation in the films 

occurred between 80% and 90% oxygen.  The change from Ru to RuO2 occurring 

between 20 and 30% oxygen was further supported by AES results, which indicated a 

mixture of Ru and RuOx in the 20% oxygen film.  The resistivity of films was a function 
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of oxygen concentration in the sputtering gas.  For <10% O2 the resistivity was consistent 

with metallic Ru.  Above 20% O2 the RuO2 resistivity was around 150-200 µΩ-cm.  

Adhesion of the RuO2 to SU8 was approximately 1000 psi for O2 contents of 30-50% but 

only around 700 psi for films deposited with 60% oxygen.  Due to high film stress, films 

made with over 70% oxygen in the sputtering gas delaminated from the substrate.  

Collectively, the results indicated that 40-50% oxygen gave best results, with lower 

resistivity values and high adhesion to SU8. 
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3. FUTURE WORK 

 There are several experiments that could be done in the future work on this 

project.  The first would be to test the shelf-life of etched SU8 to determine if unused 

samples maintain there etched chemistry longer than continuously tested ones.  The 

second project would be to fabricate bonded, etched microchannels.  A third future 

project would be to test the overpotential of Ruthenium Oxide. 
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